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PBEFACE. 



This Text-Book has been written expressly for Second and 
Third Year Students of Applied Mechanics. It, therefore, 
forms a suitable companion to the Author's Text- Book on 
Steam and Steam Engines, It also forms a direct continu- 
ation of his Elementary Manual on Applied Mechanics ; 
for it covers the Advanced Stasre of the Science and Art 
Departments Examinations, and treats on many points 
demanded by the Honours Section. It will, moreover, be 
found of considerable use to those who aim at passing the 
Advanced and Honours Stages of the same Examinations in 
Machine Construction and Drawing, as well as the Exam- 
inations of the City and Guilds of London Institute in 
Mechanical Engineering. At the same time, the treatment 
of the subject is sufficiently general to satisfy the wants 
of other engineering students who do not happen to have 
these Special Examinations in view. 

The book has been divided into six parts :— 

I. The Principle of Work and its Applications. 
II. Gearing. 

III. Motion and Energy. 

IV. Strength of Materials. 
V. Graphic Statics. 

VI. Hydraulics and Hydraulic Machinery. 



Parts I, and II. are now iasued together as a First 
Volume. These two parts consist of Nineteen Lectures 
under the following general headings ; — Definitions of 
Matter and Work — Diagrams of Work — Moments and 
Couples— The Principle of Work applied to Machines — Fric- 
tion of Plane Surfaces — Friction of Cylindrical Surfacea 
and Ships — Work absorbed by Friction in Bearings, &c. — 
Friction usefully applied by Clutches, Brakes, and Dynamo- 
meters — Inclined Plane and Screws — Efficiency of Machines 
—Wheel Gearing— Friction Gearing— Teeth of Wheel; 
Cycloidal Teeth — In volute Tectli; Bevel and Mortice Wheels 
— Friction and Strength of Teetli — ^Belt, Eope, and Chain 
Gearings Velocity-Ratio and Friction of, and Horse-Power 
Transmitted by, Belt and Rope Gearing — Miscellaneous 
Gearing. 

Great stress has been laid on principles, definitions, and 
uniformity of notation and symbols. The explanations, 
illustrations, and examples are such as will enable students 
to Hpply leading principles to practical work. In most 
instances direct reference has been made by footnotes to 
the latest and best books and to papers read before the 
leading Engineering Societies at home and abroad. 

In every part of the subject a number of examples have 
been fully worked out, and at the end of each Lecture 
a aeries of carefully selected questions has been arranged in 
the precise order of, and relating solely to, the subject- 
matter of the Lecture, so that teachers and students may 
have a minimum of trouble in finding suitable examples. 

The Author has to thank many of bis old students. 




PRRFAOE. VH 



and friends for their kind assistance in connection with the 

production of this book. 

Great care has been taken to avoid errors, but if any 
should be observed by readers, the Author will be glad to 
have them pointed out, and to receive any suggestions 
tending to increase the usefulness of the book. 

ANDREW JAMIESON. 



Tni Glasgow and West of Scotland 
Technical College, 

Auguat, 1896, 
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Applied Mechanics is that branch of applied science which 
explains the principles upon which machines and structures are 
made ; how they act, and how their strength and efiiciency may 
be tested and calculated. 

In this treatise, we shall be chiefly concerned with the appli- 
cation of mechanical laws and principles to the determination 
of the equilibrium of machines, when acted on by forces; the 
transmission of power by machines and fluids ; the stresses in^ 
and the stability of, structures in general. 

Although the student is expected to possess an elementary 
knowledge of the subject as far as it is treated in the author's 
Mamud on Applied Mechanics, yet it is necessary to define, and 
explain briefly, in their respective places, the more elementary 
terms which will be used in this book. The student should not 
content himself with merely learning by rote the definitions 
herein given, but he should first get a clear understanding of 
the whole meaning of the things defined, and then endeavour to* 
acquire the facUity of defining the terms in his own words. 

Definition. — Matter is anything which can be perceived by 
our senses, or which can exert, or be acted on by, force. 

What matter is in itself we know not, we only know it by 

1 



2 LECTURE I. 

its properties, its effects on other pieces of matter, and on our 

HCIISCH. 

Dkfinition. — Force is that which produces, or tends to pro* 
dace, motion or change of motion in the matter upon iMch it 
acts. 

Ho fur aH we aro concerned we shall consider that mechanical 
force actK on matter either by a "push," "thrust," or "pressure," 
or by a " pull." 

Unit of Force. — Since forco is a mesusurable quantity, we must 
hiivo a unit of force by which to measure other forces. In 
tJiiH couiitiy two units of force are in use, called, respectively, 
thf) Oravitation Unit and the Absolute Unit. The gravitation 
unit of forco is adopted by engineers; and is used in the solu- 
iion r>f most Statical j)robloms in Theoretical Mechanics. The 
abHoluto unit of force is g(^neral]y adopted in physical investiga- 
tioriH ; and, /ilso, for convenience in most Kinetic problems in 
Tlmoretical M<»chanicH. 

T\ui distinction between these two units offeree will be under- 
stood from the following definitions : — 
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Dkfinition. - An Absolute Unit of Force may be defined as 
that force which, acting for unit time on unit mass, imparts to 
it unit velocity. 

This is the general definition of an absolute unit of force, and 
by substituting proper units for time, mass, and velocity we get 
the various absolute units of force for any system in which 
time, mass, and length are adopted as the fundamental unita 
An absolute unit of force is, thorefore, quite independent of thft 
various values of gravity at different latitudes and of all other 
variable forces. In other words, it is an independent and invari- 
able unit of force. 

If the units of time, mass, and velocity be the second, 
I)ound, and foot per second respectively, we then get l^e 
following : — 

Definition. — The British Absolute Unit of Force, called thQ 
Poundal, is that force which, acting for one second on a mass of 
one pound, imparts to it a velocity of one foot per second. 

Definition. — Our Gravitation Unit of Force, called the Pound, 
is the force required to support a mass of one pound avoirdupois 
against the attractive force of gravity at Greenwich sea level. 

Hence^ the magnitude of a force, in gravitation units, is 
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nnmericallj equal to the mass in pounds which it is just cap- 
2^h\e of supporting against gravity. 

Since all places on the earth's surface (even when at the same 
sea level) are not at the same distance from the centre of mass 
of the earth ; since the earth is not of uniform density, and since 
the effect of centrifugal force due to the earth's rotation, varies 
with the latitude (being greatest at the equator and zero at the 
poles), it is evident that the gravitation unit of force will vary 
with the locality. It is less at places near the equator than at 
places near the poles. For this reason, then, physicists have 
adopted the Absolute or Invariable Unit when dealing with 
problems in which the results are to be independent of locality 
and show a high degree of accuracy. 

Relation between the Gravitation and Absolute Units of Force. 

—The symbol gf may be defined as the number of feet per second 
hy which the attractive force of gravity would increase, during 
^ every second, the velocity of a body falling freely in vacuo near 
the earth's surface. The value of g is about 32*2 at the latitude 
of London. Clearly, then, the gravitation unit is g times the 
absolute unit. 

Hence, A force of one pound = g poundals. 

Or, A force of one poundal - - pound. 

9 

Definition. — Work is said to be done by a force when it over- 
comes a resistance through a cUstance along the line of action of 
the resistance. 

Hence, if a force act upon matter and causes relative motion 
of its atoms, or relative change of motion between one body and 
another, then the force is said to do work. 

In the mechanical sense of the term, work implies two things 
— (l)that some effort has been exerted or a resistance overcome; 
(2) That something is moved or a displacement takes place. 
Hence the two elements of work are effort (or resistance) and 
^notion (or displacement).* 

*The word " effort** is a very expressive term, implying the positive or 
•ctive aspect of force; whereas the word ^^ resistance" naturally conveys 
to one the negative or opposing aspect of force. By Newton's Third Law 
jction and reaction (or effort and resistance) are equal and opposite, 
«oic^ the tera^» *' effort and action " or " resistance and re-action " are 
Jnously used in problems to denote one and the same force, according to 
*«way in which the problem is viewed. 



L 
I 



The work done by 'a force is measured by the product o 
the nuvterical value of the force and the nuTnerieal value of the ii 
displacement along its line of action. 1^ 

Definition. — The British Dnit of Work, called the Foot-ponnd " 
(ft. -lb.), is the work done when a force of one pound acts throagh ' 
a distance of one foot along its line of action. 

DEFiNiTioN. — The British Absolute Unit of Work, called the 
Foot-poundal (ft.-pdl.), is the work done when a force of one 
ponndal acts through a distance of one foot along its line of 
action. 

The student will readily see that the gravitation unit of work ji 
is equal to g absolute units. Hence, to convert ft.-lba. into \ 
ft.-pdis., multiply the former by g — i.e., by 32-2 for the latitude jj 
of London. 

Let F = Force in lbs. (supposed to be constant or uniform). 
„ L = Displacement of force in ft, (this displacement 
being along the line of action of the force). 
Then, from the above definitions, 



Work done = (P 



a get :— 
■: L)ft.-1 



iriable force will be considered i 



The work don 
next Lecture. J _ 
force during the displacement L, then P > 



Example I. — The bore of a pump is 8 inches, and the vertical'l 
lift is 54 yards, find the weight of the column lifted. If thaJ 
stroke of the pump bucket be 9 feet, and the number of strokei| 
8 per minute, find tlie work done in one hour. 

Answer.— Diameter of bucket = 8 ins, = | ft. ; vertical lift or * 
head of water = 54 x 3 = 162 ft.; stroke of bucket = 9, ft.; 
number of strokes of bucket = 8 x 60 = 480 per hour. 



(1) To find tiie weiglU of the column lifted. 
Volume o/ioater lifted = Volume of column = jd I. 

= -7854 X («)' X 162 = 56-55 cub. ft. 
, Weightofcoltmmlifted= 56-55 X 62-5 = 3,535 lbs. 




WORK DONE BY A FORCE. 



(2) To find the work done per howr* 
Work done in one stroke = Total pressure on btteket x stroke. 

.•. Work done per hour = 3,535 x 9 x 480. 
„ „ = 15,271,200 ft.-lbs. 

Work done by a Force Acting Obliquely to the Direction of 
Motion. — Keferring to the previous definition of work, the 
student will notice that the factor L, in the product P x L, 
means the displacement of the point of application of the force, 
P, along its line of action. In many cases the line of action of 
the force is ohliqv^ to the line of motion, and we now proceed 
to show how the work done is measured in such cases. 

Consider the case of a body being drawn along a smooth in- 
clined plane, A B, by an efibrt, P, whose line of action is inclined 
atanangle, dto AB. 




A C 

WOBK DONE BY A FOBCE ACTINO OBLIQUELY. 

Now, from elementary principles we know that P can be 
resolved into two components at right angles to each other. 
One (P cos &) in the direction AB, and the other (P sin 6) at 
nght angles to A B. The point of application, O, of P, moves in 
* direction parallel to AB, and, hence, by the definition just 
referred to, the latter component (P sin &) does no work. The 
only effect of this perpendicular or normal component is to 
diminish the pressure between the body and the plane AB. 
Hence, the only part of P which is efiective in causing motion 
IS the component (P cos &) parallel to A B. 

Let the body be displaced from A to B. 

Then, Work done = P cos ^ x A B = P x A B cos tf. 

But, AB cos 6 is the length of the projection of the displace- i 
Blent, A B, on the line of action of the effort P, or, what is the 1 
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same thing, it is the length of the projection of the displacement 
on a line parallel to the line of action of P.* 

If we consider the resistance to motion instead of the effort, 
we get : — 

Work done — component of W parallel to AB x displacement, AR 
,, J, s= VV sin a X A B. 
„ „ = W X A B sin a. 
„ = W X B C. 

Here, again, B C is the length of the projection of A B on the 
direction or lino of action of the resistiinco, W. 

Hence, we have tlio following statement, which is often 
useful : — 

The work done by a force is equal to the product of the force 
into the length of the projection of the displacement on the line 
of action or direction of the force. 

KxAMPLK Jr. — A l)0(ly is dragged along a flo^r by means of a 
cord which makes a constant angle of 30° with the floor. The 
tonsir)n in the cord is 10 lbs., weight of body 30 lbs. Find (1) 
the work done in drawing the body 10 f<^et along the floor; and 
(2) the pressure between the body and the lloor. 

Answer.— Hero P - 10 lbs.; W = 30 lbs.; ^= SO''; L= 10 ft 

Resolving V into two components at right angles to each 
other; one in the direction of motion, and the other perpendi- 
cular to it, we get : — 

Horizontal component = P cos &, 
Vertical component = P sin 6, 

Hence, (1) Work Done = P cos ^ x L. 

„ „ = 10 X cos 30° X 10. 

„ „ = 100 X -^- = 86-6 ft.-lbB. 

* Let A B and X Y, be any two lines inclined to each other at an angle, B, 
From A and B draw perpendiculars A a, B Z; to X Y. Then a 6 is call^ the 




Orthogonal Pbojection. 



orthogonal projection of line A B on line X Y, and clearly a & = A B cos 0, 
In the text the term projection is to be understood as oi thogonal prcjeetf&n. 
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(2) The pressure between the body and the floor is equal to 
the weight of the body diminished by the vertical or normal 
component of P. 

/. Pressure between body and floor = W — P sin tf. 

= 30— 10 X sin30*. 
= 30_10 X J = 25 lbs. 

Proposition I. — The work done in lifting a body is indepen- 
dent of the path taken. 

When a body of weight, W, is lifted through a vertical height, 
A, the work done is simply W h, and is quite independent of the 
path described by the body in arriving at its new position. 

Suppose the body to be translated from A to B along any 
route, A a 6 B. Consider 
the work done in moving 
the body from a to 6, 
these two points being 
taken so near to each 
other that the part of the 
curve, a 6, lying between 
them mav be regarded as 
a straight line. Through 
a draw a c horizontal and 
meeting a vertical through 

i at the point c. Then a 6c is a small triangle, and since the 
resistance overcome is simply that of the weight, W, acting 
vertically downwards, we get : — 

Work done from a to b = W x be. 

By dividing the whole path, A B, into a great number of 
parts such as a 6, we get for total displacement, A B : — 

Work done = W x 26 c, 

where 26c denotes the sum of all such small vertical distances 

But, 26c = BC = A. 

Work done = W x /?.* 

Proposition II. — The work done in raising a body or system 
of bodies is equal to the total weight raised multiplied by the 

* This result might have been deduced at once by assuming the results 
JDst previously obtained for the case of the inclined plane, by observing 
that B C is equal in length to the projection of the displacement, A a 6 B, 
<n tke direction of the resistance, W. This being a more general case 
than the one cited, we have thought it better to give an independent proof. 



Work done is Independent op the 
Path Taken. 
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vertical height through wbich the centre of gravit? of I 
body or Byatem of bodies has been raised. 

Sui^ioae we have a number of weiglits, Wj, W-, W,, Ac, at 
different heights, Aj, Aj, fip 
*" itc, respectively, above 

given plane, M N. Li 
the c.ff. of the system be 
at tj, at a heiglit, k, above 
MN. 

If all tbe weighti 
now lifted into diSerent 
pofiitious, so that 
heights above M N 
Hj, Hj, H,, &c., reapeo- 
tivciy, and their eg. at k 
OF BoDiBs. ''"8''' ^- '^*'«"' 

J-otoZ iwrA d«i« = Wj{Hi - A,) + Wj(Hj- Aj) + W,{Ha -A,) +*a 
But, by a property of the eg. we know that 
Wj H, + Wj H, + \V„ Hj, + , , . =(W", + Wj + W3 + ...}H. 
And, 

W,A, + WjAj + W,A,+ ... =(Wi + W, + Wj + ..,)A,« 
Subtracting the latter equation from the former, we geC: — 
Wj {H, - ;^) + W, (Hj - Aj) + W^ (H3 - A3) + . . . 
= (W, + Wa + Wg + . . . ) (H - A), 
.-. Total work done = (Wi + W, + W3+ . . .){H-A) = W(H - A). 
Where, W = W, + Wj + Wg + , &c. 

And, H-h = 

Although we have taken a system of disconnected weights in 
proving the above proijosition, the student will clearly perceive 
that the reault arrived at is true generally, whatever form the 
material may have. 

The followiug simple examples will show the applinalion of 
the two piecediog propoaltiona ; — 

Example III,— A uniform beam, 20 ft. long, and weighing 
30 owts., is lying on the ground. Find the work done in raising 
it into a vertical position by turning it about one end. 

* Tha student wil! readily see that these results are arrived at by taking 
tho momontB of the weights about the plane, M N, mad then applying the 
"principle q/ moTneata." 
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Arswer. — The centre of gravity of the beam ia 10 ft. from 
fflther end, and, during the opemtion of lifting the beam, thia 
plant vill describe an arc, which is the quarter of the circnmtei'- 
enc8 of a circle whose centre is at the end of the beam in contiict 
vitb the ground- The vertical height through which the e.g. ia 
nired is, therefore, 10 ft. 
Hence, by the two preceding propoeitionB, 
Work done = whole weight of beam x height through 
which its eg. ia raised. 
„ „ - (30 X 112) X 10. 
„ = 33,600 ft.-lhB. 
EiiHPLK IV.— A cistern 22 ft. long, 14 ft broad, and 12 ft 
deqi, has to be filled with water from a well 7 ft. in diameter- 
^e certical height of the bottom of the cistern above the free 
BQT&ce of the water in the well is 100 ft. when the operation of 
filling the cistern is commenced. Water flows into the well at 
the rate of 462 cubic ft. per hour. Find the work done in filling 
llie cietem, supposing 30 minutes are required for the operation, 
AtieffBR. — During the operation of filling, the surface of the 
*alCT m the well will fall, say x ft., from E F to H K. 

The Tolame of water taken from the well = volume of water 
EFHK + volume of water run in during the operation. 
Bnt, Yohtme of water taken from well iij-'""" — *ii 

= volume of tank A B D A' ) l 

= 22 X 14 X 12 (cub. ft.) mT! 

Volume of water repr&enled by E FEE 





I^'«-„«' 




* (cub. ft.) 


oil 


Tue of water run t 




t, 30 mintttea 


. 


^ = 23I(cuK 


ft. 





■: j^ X 7 X a; + 231 = 22 x li x 12 
a^ - 80 ft. 

Clearly, then, the eg. of the water has been 

fwsed from G, to G„, or through a height of 

fStlOOt 6-16111. wo., D.« 

.-. Work dons in fining dstem "^"" ' ^" 

- (22 X 14 X 12 X 62J) X 151 = 34,881,000 ft.-lbs. 
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LtcrrBB I. — QoBTiOKS. 

1. Define the teniu fonx and worh done by a /orce. Wh«t are the nnHM 
of force and work as adopted by eni^eers in this country ? Stale tho nUa^ 
tiona between the gravitation and ahsolnte units of force and work, — ^ 
say why the latter anits are so desirable for many scientific purposeB. 

2. A punching machine ia prorided with a flyirheel and driven b; 
engino at sach a rate that two holes are punched in three minutes. 
ptale operatod on is 1 inch thick, and it is eitimated that a mean pressace 
of 69 tons is exerted thnmgh the apace of 1 inch. Find the average work 
done per niinnte by this machine. Ana. S.SSfi-G ft. -lbs. 

3. A body weishing 100 lbs. is pnshed along a horizontal plane by a force 
of 25 IIh., the direction of which makea on angle of 45" with the plajie. 
Find the work done in moving the body through a distance of 100 foet, and 
the pressure between the body and the plane. If the direction of the force 
be reveraed, so that it now becomea a pull, lind the work done during a 
dilplocement of 100 fe«t, and the pressure between the boviv and the plane. 
Aiu. (1) 1,767 ft-llB.; 117-67 lbs. (3) 1,71)7 ft.-lbs.; 8233 lbs. 

4. Find the work done in taming a cnbicsl block of stone about oi 
iti edges until the diagonala of its end faoea are verticoL Length of edgs 
of cube, 44 ft., t-a., 2-5. Arui. 13,270 ft. -lbs. 

5. A cistern 22 ft. long, 10 ft brmd, and 8 ft, deep, has to be filled with 
water from a well 8 ft. in diameter and 40 ft. deep. Suppiisin^ no water 
to flow into the well daring the operation of filling the uiatem, ascertain 
how far the surface of the water in the weU is depressed, and the work 
done in filling the ciatem when the bottom oE the latter 13 :i6 ft. above the 
free surface of the water in the well at the beginning of the operation. 
Alii. 35 ft.; e,325,000ft.-lba. 
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CoKTBNTS.— Gnphical Representtttion o£ Work Dane — Diagram of Work.' 
for any Varying Force— Case I., When the Force variea direotiy as 
the displaoement-ExampIea L, IL, UI., and IV.-Case II., When tha 
Force variaa invorsfcly as the displacement — Boyle's Law — Propoai-. 
tion — Work Done by a Gaa Expanding according to Boyle's Law — ■■ 
Eiample V. — Indicator Diagrama — Rata of Doing Work — Deiiiiitioii | 
of Power or Activity -Definition of Horae- Power— Example VI.— | 
Useful and IxHt Work — Definition of Efficiency— Table of Efficienciesi 
— Esnmplea VIL and VIII. — Qiieationa. ' 

Graphical Representation of Work Bone. — We have alrpady seeui 
that work is the product ot two factors — force and displacement, 
Now a forte tan be completely represented by a straight line, 
and so also can a displacement. Since an area is of two dimeo- 
aions, it follows at once, that work done can be represented by 
an area. In our elementary manual on Applied Mechanics, to 
have shown how to represent by diagrams, the work done for 
several simple cases. For a uniform force the diagram of work 
ia a rectangle ; for a uniibrnily increasing or uniformly decreas- 
ing force the diagram will be triangular or trapezoidal in shape. 
The shape of the diagram will, however, depend on the mtumei 
in which the force varies with the displacement. 

A correct diagram of worli must fulfil the following condi- 
tions : — 

(1) lis area must represtnt the work done. 

(2) /( m.ust aliov} to the eys the manner in which the force varuf 
in magnitude during the displacement. 

Diagram of Work for any Varying Force.— We shall now Bho« 
that, if the force during any givea displacement be representet 
in magnitude by the ordinates of the curve, and the displacemenf 
by the corresponding abscissa;, the work done will be represent«cl 
by the area of the figure enclosed between the curve, the initi^ 
and final ordinates, and the axis of a. 

Let Oso,0y be i-ectangular axes ; O x being the axis along 
which displacements are to be set ofi*, and y the axis along 
which forces are plotted. 

Suppose the force at the beginning of the motion to be repre- 
sented by the ordinate, A, and at the end of the motion by B 0, 
then A E C is called the curve of resistance. At any intermediator 
point, such as a, the force or resistance will be represented by 
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the ordinate, a c. The work done during the displacement, O B, 
will be represented by the area, O A E B. 

9 




D aif 
DisplacemenU > 



OsAFHicAL Representation of Work Done by a Varying Force. 

For, suppose the force to be uniform during the displacement, 
OD,then:— 

Work done during \ . . . i r\ k ^t\* 

displacement O D [ = ^'"'^ ""^ '''^'^^ A E D.* 

We have now to show that the work done during the displace- 
ment, D B, is represented by the area, D E B. 

Take any two ordinates, ac, bd, indefinitely near to each 
other. The lengths of these ordinates re])resent the magnitude 
of the forces at the points a and b respectively. Now, since the 
ordinates are indefinitely near together, the difference in their 
lengths will be indefinitely small. In that case acdb may be 
considered a rectangle (its breadth being infinitely small). Hence, 
the work done during the infinitely small displacement, a b, will 
he represented by the small rectangular strip, acdb. By divid- 
ing the displacement, D B, into an infinite number of indefinitely 
small portions, such as a 6, and drawing the ordinates at these 
points, an infinite number of narrow rectangles will thereby 
he obtained. Hence, it is clear that the work done during the 
^displacement, B D, is represented by the sum of these elementary 
areas, 

*.e., The Work done during displacement D B = Area D E B ; 

•*. Total work done during displacement O B = Area O A E C B. 

*TheBien (=) is here used as an abbreviation of the words ** is repre- 
tented by, and must not be employed in its usual sense as meaning *'i« 
^9^ to," The text will enable the student to attach the proper meaning 
to the sign used. 
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Two particular cases of work done by varying forces will now 
be considered. 

Case I. — ^When the force varies directly as the displacement 

When we stretch or compress a piece of any solid elastie 
material — e.g., a helical or spiral spring, or a bar of iron or steel— 
the resistance oifered is directly proportional to the extension 
or compression produced, when these are small compared with 
the length of the body. Thus, if a force of 10 lbs. be re- 
quired to stretch a spiral spring 1 inch, then a force of 30 lbs. 
will be required to stretch the same spring 3 inches, and so on. 

We may state this law thus : — 



Or, 



Force x Displacement. 
Px L 

p 
P = cL; or y= <?> 



where c is some constant quantity depending on the nature of 
the material. 

Hence, if P is the force required to stretch or compress ih^ 
material by an amount L, and p the force required to stretch or 
compress the material by an amount /, then 

\P :p = Ijil. 

We shall now show that in the 
diagram of work for this case, 
the line of resistance is a straight 
line. 

Set out AB to represent the 
displacement L, and AD to re- 
present L 

Let the ordinate B represent 
P. Join A C, and through D 
draw the ordinate D E. Then 
D E will represent p. 



J^- 




Diagram of Work when 
THE Force varies as 
THE Displacement. 



By similar triangles, 

DE 
i.e., D E 

But, p 



BC = AD 
P = I 
P = I 



AB 
L 
L 



\.\ DE=jt?. 



Again, the areas of the triangles A D E, ABO represent the 
work done during the displacements A D and A B respectively. 



WORK DONE ON AN ELASTIC SPRING. 



Work dons during I 
ditplaeeTnent A D J " 



io/aADE. = JDEx ad. 



Work done during t _ i ; 

dieplacement I f ~ i P • 
Similarly, 

Work done during \ i -a t 

displacement L | " * ^ ^■ 



Also, 

- i(BO + DB) X DB. 
„ - i (P + P) (.!■ - 0- 
The abo7e results are true whether the force uniformly in- 
crease or uniformly decreases. The following examples will 
render the above principles clear : — 

EiiHpLE I, — Show, by a diagram or otherwise, how the work 
done in stretching an elastic spring is obtained; 5 ft. -lbs. of work 
*re required to stretch a spiral spring 3 inches ; what force ia 
Ik will be required to stretch the same spring 6 J inches ) 




DiAGEAM 



Stketchino a Sprikq. 



Answer. — Letjo, P denote the forces required to stretch the 
apring 3 inches and 6| inches respectively. 

Then, area of A A D E represents the work done in stretching 
the spring from A to D. 



IG 
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.*, Work done during 1 i t. « » n 
diq>laeementAT> l^ ^DtxAD, 

But, by the question, 

Work done during \ 
displacement AD j ~ 



= 5^.-i68. = 60 inchriU. 



Or, 



= 60. 

p = 40 lbs. 

P : p = A B : A D. 



40 X Gj 



SOlbB. 



ExAUFLE II. — -A spiral spring is stretched through 1 inch hy 
a force of 10 lbs. Tind the work done in stretching it throngh 
an additional length of 2 inches. Draw the diagram of TOrk 
done, giving dimensions. (Adv. S, and A. Exam., 1890.) 




Answer. ^Let p and P denote the forces required to stretch 
the spring 1 inch and 3 inches respectively. 

Then, area of A, AD E, represents the work done in stretch- 
ing the spring from A to D. 

Also, the work done during the displacement 



DB.a 


e.4ABC- AADE.J{B0 4-DE)yBD. 


But, 


DE : BC . AD : AB. 


i.e., 


10 ; P - I ; 3. 



SubstitQtiiig this value of F in above equation — 

The work done = |{BC + DE)xDB. 

.. =\ (30 + 10) X 2 ° 40 inch-lbs. 
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Example III. — A chain weighing 2 lbs. per foot pasBes over a 
filed smooth pulley, so that 14 feet hangs over on one aide and 
6 feet on the other. Show by a diagram the work which will bo 
done in polling round the wheel until the upper end of the chain 

i> 1 foot above the lower end. 



r~\ 




Ajiswrb. — Clearly the resistance to be overcome at the begin- 
ning of the motion is the weight of the difference of the two 
puts of the chain hanging from the |>u11ey. That is, the initial 
resistance i= weight of a length of (14 - 6) = 8 ft. of chain. 



Initial reBistance = 



= 8 X 2 = IC i&». 



When the upper end of the chain is pulled down so as to be 
I ft. above the lower end, the displacement will be 3J &., and 



Finai retigtance = 



= 1 X 2 = 2 »a. 
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We can now construct the diagram of work. Set off A B to 
represent the displacement, = 3^ ft Make A represent the 
initial resistance, « 16 lbs., and B1) represent the final reaistanee^ 
» 2 lbs. Join D C, then the trapezoid A B D is the diagram 
of work, and its area represents the work done. 

Work done = area A B D C 
„ „ = J (A C + B D) X A B 

„ „ =A(16 + 2) X 3J 
„ „ = 31-5 ft.-lbs. 

Of conrse, the student will readily see that it is not always 
necessary to construct a diagram of work before arriving at the 
answer. AD that is necessary to know, is the mean resistance 
during the displacement. Thus, in the above example, the 
mean resistance is the arithmetical mean between the initial 
and final resistances. This, multiplied by the displacement^ 
gives the answer. 

Example JV. — Four cwts. of material are drawn finom a 
depth of 80 fathoms by a rope weighing 1*15 lbs. per linear foot: 
how many units of work are expended 1 

Answer. — Here the resistance to be overcome at the beginning 
of the lift = wfwle toeight of rope + weight of material. 

Whole weiglU of rope = (80 x 6) x 1*15 = 552 Iha. 

Weight of material raised = 4 x 112 = 448 lbs, 

.'. Resista^u^eatherjin- ) 553 + 443 = 1,000 Ihs. 
mng oflxjt J ' 

If we suppose the whole length of rope to be hauled in when 
the material is brought to the surface, then the resistance to he 
overcome at end of lift is simply that of the weight of the 
material to be raised. 



• • 



Resistance at end of lift = 448 lbs. 



We can now construct the diagram of work. Set off A B to 
represent the displacement, = 80 x 6 = 480 ft. Set off A C to 
represent the initial resistance due to weight of rope, = 552 lbs. 
Make A D represent to the same scale as A C, the resistance 
due to the weight of the material, = 448 lbs. Join C B, then 
triangle A B C is the diagram of work for the rope or variable part 
of the load. Complete the rectangle, ABED; then ABED 
is the diagram of work for the material, or constant part of the 
load. D B E is the diagram of work for the whole load. 



WORK IN ELEVATINQ A LOAD BY A ROPE. 

SenM, 
Woric expended during lift =- Area D C B E, 

= i (D C + E B) X A B, 
„ = 1(1,000 + 448) X 480, 

„ „ = 347,520 ft.-lbs. 




ffe conld have arrived at the answer quite simply by ficding 
the work done in lifting the rope and material separately, and 
•wn adding together the results. Thus :— 

Work done in lifting rope = weight of rope x lieigiU through 
which its e.g. is raised 
= 552 X I X i80=U2,i80Jl-lbs. 
Workdone in lifting material, - 448 x 480 = 215,040^.-;6«. 
Total work expended = 132,480 + 215,040 
= 347,520 ft.-lbB. 
Cue II. — When the force varies inversely as the displacement. 
We have seen that, when a solid elastic matcvial is stretched 
or compressed within certain limits, the resistance is propor- 
twnal to the extension or compression. When, however, we 
nunpreBS a, gas or allow it to expand, the law expressing tha 
wUtion between the pressure applied and the expansion or 
<nnipregtiioa produced, is different from that in tho case of a 
wild. By expansion or compression of a gas we mean the 
increase or decrease produced in its volume. 
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BovLE'a Law. — The prsBsure of a fixed mass of a perfect 
gas, at a constant temperature, varies inversely as the volome i^ 
occupiea.* 

Let P = absolute pressure, or elastic force, , of gas par 
square foot. 
„ V = volume of gas in cuhie feat ; 



Or, P V = c, a constant. 

The student sliould carefully note that Boyle's Law is fcmo 
only for perfect gases, aui], also, that the temperature niiu' 
remain constant throughout the changes of volume. Boyle' 
Law is very nearly true for dry atmospheric air, and may b 
applied to most other gasea when these are not near theiJ 
points of liquefaction. 

The value of the constant, a, for a given mass, depends on tha 
nature of the gas under consideration; and also, on the coi 
temperature maintained. Thus, the constant for air at a 
perature 32° P. and a mass of one pound is (14-7 x 144 x 12-34' 
= 26,214 ft.-lbs., at atmospheric pressure. Where, 12-34 " -"-^ 
volume in cubic feet of 1 lb. of air at 32° F. and 14-7 lb 
pressure per sq^uaro ineh. 

Proposition.— The work done per unit area on or by a ga»^ 
during a change of volume is equal to the product of the average 
pressure per unit area into the diange of volume. 

Let P = average pressure of gas in lbs. per BC[. ft,, 



average 
initial * 
final 


pressure of gas in lbs. p 
olume of gas in cub. ft,. 


Work done = P {V^ -^ 


Vi) ft.-lba 



Then, 

For, suppose we have a cylinder fitted with an air-tight fi 
tionless piston, the area of the latter being A square feet. Le 
this piston enclose a volume of gna in the cylinder equal to T^ 
cubic feet. Kow, let the piston move througli a distance, I^ in 
in. the cylinder, either by doing work in compi-easing the gas, a 
by allowing the gas to do work during its expansion. If the gl 

* For an exi>crimcntal demonstration of tins law, and its appUcaticaiB 
the BteaiQ engine, ecb tha author's works ou the " Steam Engine." In t 
applicatioos of Eoyle'a Lnw, oiisolate pressares mnst be taten. The 
sure of the atmosphere may be taken at 14'7, or, roughly, 16 lbs. per ~ 
inch absolute. 
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But, 



now occupy a volume, Vg cubic feet, and the average pressure 
on the piston during its displacement be P lbs. per square foot, 

then :— 

Work done = P A x L {ftAhs,) 

A L = Change of volume of gas. 
„ t= Vg '^ Vj (cub. ft.) 
Work done = P (Vg ^ V^) fL-lbs.' 

This result is true whatever be the size and shape of the 
vessel containing the gas. When the vessel is of uniform cross 
sectional area, it may be convenient to consider only the dis- 
placement of the piston, the total pressure on the piston being 
taken as the effort or resistance. Examples of this will be 
given immediately. 

Work done by a Gas Expanding according to Boyle's Law. — 
We are now in a position to be able to find the work done by 
or on a gas during a change of volume when the change takes 
place at constant temperature on a constant mass of gas. 

Let jOi = initial absolute pressure, 
,, t7j = „ volume, 
„ P2 = final absolute pressure, 
,, volume. 



t?2 = 




O* Vi -►D ah B 

D1A6BAM OP WpRK Illustrating Boyle's Law. 

Let A and O D represent the initial pressure and volume 
respectively ; B C and O B the final pressure and volume. 
Consider the work done during the small increase of volume a b. 

Let Oa = V and 06 = v + Av 
Then ab = A v. 
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Let p = mean pressure during increase of volume A v. 

Then, Work done from a tab = p Av. 

.*. Total work done during | _ y a 

expansion from D to B J "" ^ 

Now, in the limit, when a 6 is taken infinitely small, j, 
denote the pressure corresponding to the volume v, and 
will, according to the notation of the Calculus be denoted b 

.*. Total toork done during ) _ f ^ ^ 

eocpansionfromD to ^ j ~ J ^^^ 

But, by Boyle's law. 



^1 






PV =PiV^ =i?2^2 = «; 

1 
P=PlV^ X 



V 



.•. Total toork done 1 /-Vo j ^ 

during expansion > = / J^i ^i ^ — 
from BtoB j -^ v^ ^ 



99 99 



» }> 



» }> 



r^dVf. 
=j9jVj I _-^ (sincejt?iVi = acons 

= ^1 Vi (loge ^2 - loge ^l) 



Vc 



Sunilarly, " " - -Pi ^i log« ^^ . 



during expansion V = j^g t?2 l<^ge ~- 



Total work done ) 
during expansion > 
from D to B ) "^ ^ ° t^i 

1? 

"Where loge — is the Napierian or hyperbolic logarithm, c 

ratio of the final to the initial volume.* This ratio — , is 

called the ratio of expansion, and is denoted by the leti 
Since the above is true whether the gas be expanded or 
pressed, we get : — 

Work done during expansion or ) - n n loff 

compression between t/g and Ui / ~ '^^ ^ ^* ^' 

Or, „ „ = p2 ^2 loge r 

>, » = c loge r 

"Where c is the constant in the equation pv = c. 

* The curve E c c^ C is a rectangular hyperholay the axes a;, O y 
asymptotes. 
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The following example will impress the above results more 
frmly on the mind : — 

Example V. — Calculate the work done when 10 cub. ft. of 
air at an initial absolute pressure of 45 lbs. per square inch, is 
expanded at constant temperature to a volume of 50 cub. ft. 
Find, also, the final pressure.* 

Answee.— Here, Pj = 45 x 144 = 6,480 lbs. per sq. ft. 

Vi = 10 cub. ft 

Vo = 50 „ 

"^-Vi-io"^- 

Then, 
]\ork done during expansion = P^ V^ loge r 

„ „ = 6,480 X 10 X loge 5 (fUbs.) 

Eeferring to a table of hyperbolic logarithms, we find : — 

log, 5 = 1-6094. 

.-. Work done during expansion = 6,480 x 10 x 1-6094, 
„ „ = 104,289-92 ft.-lbs. 

Next, to find the final pressure. 
Here, p^ Vg = ;?i Vi ; 

P2 y< 50 = 4:5 X 10. 

ie., p^ = — ~ — = 9 lbs. absolute per sq. in. 

Indicator Diagrams. — As an important application of the 
<iiAgram of work we may here briefly refer to indicator dia- 
grams obtained from a steam or gas engine. Every engineer 
knows the importance of obtaining correct diagrams of work 
done by the steam or gas in the working cylinder of his engine. 
By an inspection of the cards thus obtained, he is able to 
detect faults in the working of the engine, which could not be 
revealed by any other method. For example, from suclx 
diagrams he can at once tell whether the valves are properly 
set; the manner in which the pressure on the piston varies 
throughout the stroke ; the state of the vacuum in the con- 
denser, if it be a steam engine, and a multitude of other facts. 
He can also calculate the area of the diagram, and thereby deduce 
the horse-power developed in the cylinder. Lastly, he can 

* Expansion at constant temperature is called ** Isothermal" expansion. 
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compare tliis indicated horst-pauvr with the bra^e horse-powef 
given out at any point af the macliinery during its transmission, 
and so find the power spent on friction, Jic 

Rate of DoiBg Work-in tho definition and examples of work 
given in this and the last lecture it will be noticed that no reler- 
enco was made to the time taken to perform the work. Thus, 
in Example III., we saw that the work done in. raising the 
4 cwts. of material and the rope was 347,520 ft. -lbs., and thia 
result is true no matter wlmt time was taken to accomplish it. 
It did not affect the question of work done whether the material 
was raised in twenty minutes by the action of men on a, wind- 
lass, or in one minute by the aclion of a steam engine. But, if 
we wish to compare those two agents in respect to the rate h' 
which they perform the work, it is clear that this will be in th 
proportion of 1 : 20. Thus :— 

Work done 



Sale of doing work . . 

1/1 = 1 
iO/ 1 20 



Rate at which the men work 
Mate at which t?ia engine works 



Hence, although the amount of work done is the sai 
both cases, yet the rate of doing the work is inversely f. 
time taken to do it. 

Depisition. — Power Eind Activity are the terms used to denote 
the rate of domg work. 

It is evident, that in order to compare the respective powers 
of two agents, we must have a standard or unit of powsr. The 
nnit of power adopted in this country is tlie Horse-Power. 
This unit was first introduced by Watt in estimatinij the power 
of his engines, and is atill the unit adopted by British engineers. 

Definition. — The Unit of Power, called the Horse-power, 
the rate of doing work corresponding to 550 ft. -lbs. per secoa 
or 33,000 ft.-lbs. per nunnte, or 1,980,000 ft.-lbs. per hour. 

Although a horse's power was thus defined by Watt, yet n 
horse is capable of working at the above rate for any length of 
time. The actual power of a good horse, working for 10 hours 
a day, is found to be about 23,000 ft.-lbs. per minute instead of 
33,000 ft.-lbs. per minute. The term, however, is still retained 
by engineers, although it is not now used in its original sense.* 

'J Manual 
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Let P = Average pressure or effort exerted, in lbs. 
„ L = Displacement of P, in feet. 
„ T = Time taken to perform a given amount of work. 
„ H.P. = Horse-power. 

P X L 
Then, H.P. = ^^ — ^ , when T is expressed in seconds. 

OOO X T 



P X L 



" 33,000 X T' " 
P X L 



„ minutes, 
hours. 



1,980,000 X T ' " 

Example VI. — The two cylinders of a locomotive engine are 
each 17 inches in diameter. Length of stroke, 24 inches. Mean 
effective pressure of steam on pistons, 80 lbs. per square inch. 
Diameter of driving wheels, 6 feet. Speed of engine and train, 
30 miles per hour. Find the horse-power exerted by engine. 

Answer. — (1) Find the work done per revolution of driving 

wJteek : — 



'(d effective pressure I _ p __ '^ ;2 
on each piston j = " — J ^ ^> 



„ = ^ X 172 X 80 = 18,165-7 lbs. 

Since there are two equal cylinders, and each piston makes 
two strokes per revolution of the driving wheels, we get : — 

Total work done per revolu- 1 _ o p « j 

tion of driving wheels j — '^ ^ ^ ^ ^y 

„ „ = 2 X 18,165-7 X 2 X 2; 

„ „ = U5,325'6/t,-lb8. 

(2) Find the number of revolutions of driving wheel per hour. 

30 miles per hour = 30 x 5,280 (ft, per hour). 

Circumference of ] -^ ^^ /» / ^ ^\ 

driving wheels | = ^^ = "y ^ ^ (•^''^)- 

*\ Number of revolutions) 30x5,280 q ac\c\ / i \ 

ofdriJing wheels ] ="- 22 , = ^»^^^ (^^ ^*^^^)- 

y X 6 

•'• ^"£^7""* dmu>feT\ j4-325.g ^ 8,400 (/<.-»«.) 

H.P. Exerted = ^^^'f f-e x 8,400 ^ 

1,980,000 
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Useful and Lost Work.— Up to tliis point, we have had no 
occasion to refer to the relation between the Useful Work given 
out by a working agent, and the Whole Work Expended. A 
machine is erected to perform a given amount of work, which is 
called the Useftll Work, but during the working of the machine 
a considerable part of the whole work expended is absorbed in 
overcoming frictional resistances, <fec., and this work is usually 
spoken of as the Lost Work. The sum of the Useful Work and 
tlKs Lost Work is equal to the Total Work Expended ; or, 

Total Work Expended == Useftd Work + Lost Work. 

J^KFiNiTioN. — The Efficiency of a Machine is the ratio of the 
Useful Work Done to the Total Work expended. 



Or, 



Effloienov = ^^^^ Work Done 

^ ^ Total Work Expended ' 



Now, the useful work done is always less than the total work 
oxpended, hence the elHciency will always be a number less than 
unity. What is known as the Percentage Efficiency is the 
eilicioncy, as found above, multiplied by 100. We shall have 
examples of the efficiencies of several machines later on ; but 
in the meantime it may be instructive to note the efficiencies of 
a few of the more common machines. 



Table of Efficiencies. 



Names of Machines. 



Wheel and Compound Axle, 
Simple Screw Jaok, . 
Worm and Worm Wheel, . 
Block and Tackle, 
Weston's Differential Blocks, 
Hydraulic Ram, 
Pumps for Draining Mines, 
Turhine, .... 
Overshot Water- Wheel, . 
Undershot ,, (Common), 

„ „ (Poncelei's), 

Breast Wheel, . . . . 
Best Compound Steam Engine, 
Gas Engine, .... 



Efficiemct. 



•58 
•25 

to •e 

•76 
•4 
•6 
•66 

to -8 
•8 
•4 



•7 
•6 
•3 

•5 

•8 „ 
•75 „ 



>» 
•6 
to 



•7 
•9 
•8 
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Effioienot. 



58 

25 
30 to 60 

76 

40 

60 

66 
70 to 80 
60 „ 80 
30 „ 40 

60 
50 to 70 
80 „ 90 
75 ., 80 



)} 



Example VII. — What horse-power is required to lift 3,000 
cubic feet of water per hour to a height of 80 feet, supposing \ 
of the power to be lost by friction, &c. % 
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Answer.— Weight of water raised \ ^ 3,000 x 62-5 ^ ^ ^^^ ^^^ 
every minute J 60 > '^ • 

•'. ^«e/kZ t^JorA; done per minute = 3,125 x 80 = 250,000 ftAbs. 

let T.H.P. denote the theoretical horse-power required, i.e.y 
'the power required when all frictional losses are i\eglected, aud 
A.EP. the izcttuil horse-power required. 

^ But, according to the question, i of the actv^aZ power is lost 
in friction, <fec. 

A.H.P. - i A.H.P. = T.H.P. 

u, J A.H.P. = T.H.P. 

A.H.P. = ^ X 7-67 = 101.» 

Example VIII. — If there were 4,000 cubic feet of water in a 
mine, whose depth is 60 fathoms, when an engine of 70 horse- 
power began to work the pumps, and the engine continued to 
work for 5 hours before the mine was cleared of the water, 
find the number of cubic feet of water which had run into the 
mine per hour, supposing ^ of the power of the engine to be 
lost in the transmission. 

Answer. — Let x = number of cub. ft. of water run into the- 
inine in one hour. 

Then, 

Volume of water} 4,000 , or,^\ » a 

pumped per hxmr] ^ ^ ^ ~^ = (^^ + ^^^) ^^^'/^ 

.-. JJsefvl work d<ym\ ^^^ ^ ^^^^ ^ ^^.^ ^ ^^ ^ ^^^ ^^^ 
per riour J ^ ^ • ''^ 

Now, since 1^ of the power of the engine is lost in the trans- 
mission, the remaining -I will be employed in doing the above 
"Work. 

/. Usefvl workd^hy}^^^^^^^ ^^^^^ ^ ^^ ^j.^_^^. 
engine per hour J * \./ / 

i.e., (a; + 800) x 62-5 x (60 x 6) = f x 70 x 33,000 x 60. 

f\ oAA 70 X 88 X 2 , - ^^ , 
Or, X + 800 = ^ (cub. ft.) 

X = 3,306-6 cub. ft. 

*The method of answering this class of questions is very frequently 
misunderstood by students. In an example like the above the student is 
▼ery liable to increase the useful work by ^ of its amount and then find 
the H.P. required. The author finds the above method of answering the 
question appeals more directly to students. 
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Lecture II. — Qfesti 



1. A ipiral spring ii stretcbed tbraugh ^ inch by a force of 10 lbs. Find 
the work done la stretching it ttirouga au iuiditiaiial length of 2 iiiohea. 
DroiW the iliagram of work done, giving dimensions. Ans. 80 inch-lba. 

2. A uhaiu weighing 3 lbs. pet foot paesea over a fixed smooth pulley, 
80 tli9.t SO feet himgB on one side, and 10 feet on the other. Find the work 
done in pulling round the wheel until tho upper end of the chain ia G inches 
above the ioweir end. Explain clearly tlio method of setting out the 
diagram of work io this cuae and congtnict it. Ana. li'8 ft.-lbn. 

3. A steel wire rope weighing 9 lbs. per fathom is employed to raise 3 
tons of material from a depth of 100 fathoms. Find, by caloalatiaii, and 
liy a scale diagram of the work, the work done daring the lift, suppOiiiaK the 
whole length of rope to be wound on the dmm at end of lift. Also find iha 
reaistance offered at^, i, and JUft respectively. Ans. (1) 3,053,000 ft-lba., 
or 1,320-5 ft.-tona; (2} 5,155 Iba,; (a) 4,930 lbs.; (4) i,705 lbs. 

4. Investigate aa expresaion for the work done when a gas ia comnresied 
from a volume tr|, to a volume vi, the compreasion being isotliennal — i.e., 
at a constaut temperature. Find the work done in compressing 10 cnhia 
feet of air at a pressure of 15 lbs. per square inch absolute till its preaanra 
is 75 lbs. per sq. in. absolute; given log. 5 = 1-G034. Am. 34.703 ft. -lbs. 

5. Find the work done in exhausting a chamber of 100 cubic feet 
capacity tn -^ of an atmosphere, atmospheric pressure being taken at 
14-7 lbs. per square inch abaolnte. Hyperbolic expansion being ossnmed, 
Ane. 141,770'6«ft.-lb3. 

6. How is the working power of an agent measured? When is an 
agent said to work with 1 horse-power! One ^ent (A) lifts 50 Iba. 
through 100 feet in 4 minutes; a second a^ent (6) lifts 2 Iba. through 
150 feet in a quarter of a minnte; what ratio does A's working power b^r 
to B's ! Atu. a : B = 25 : 24. 

7. The travel of the table of a planing machine cutting both ways is 9 
feet, aod the resistance to be overcome while cutting ia taken at 400 Iba. 
If the number of double strokes made in one hour \>b 40, find the horse- 
power obsorbed by the machine. (S. & A. Exam., 1889.) .dn*. 014fi H.P. 

8. In employing furnace ventilation in a coal mine, tbere is a fumaoB at 
the bottom of a shaft which ia estimated to raise 100,000 cubic feet of air , 
at 50° F. through 170 feet in 1 minute. \Vhat is tho rate at which tb« , 
furnace does work OB estimated in horae-power! Nate, — ^A cubic foot of, 
air at 50° F, weighs "078 lb. (Adv. S. k A. Exam., 1892.) Ana. 40-18, 

D. A pump ia workeil directly from tho rd,m of a water- pressure engina , 
tho cylinder of which is inches in diameter, that of the pump being ^ i 
inclics. The head of water in the aupply-piEie which gives the pressure U 
450 feet, and that in the delivery pipe is 150 feet : find the ratio of work , 
done to total work eipended. Aas. '708 : 1. 

1 0. One thousand cubic feet of water has to be raised to a height of ' 
200 feet per minute: the question is, how many liorae-power will it bo' 
necessary to employ, supposing that one qunrter of tho i>ower ia loat' 
through friction and other eausea? Aiix, 505 H.I'. 

11. A builder Hnda that water accumulates in tlie space for a foundation 
at the rate of 1,500 cubic feet per hour. This water has to be pumped to< 
a height of 20 feet. Tlie question is, what amount of jiower will bo required 
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to keep the said foundation dry, supposing that only 0*6 of the power 
applied is available for useful effect ? Ans. 1*58 H.P. nearly. 

12. Steam enters a cylinder at 80 lbs. per square inch absolute, and is 
cat off at i of the stroke. Diameter of piston, 40 inches, length of stroke, 
5 feet. No of revolutions, 50 per minute. Back pressure, 3 lbs. per 
square inch absolute. Find the horse-power of the engine, assuming the 
steam to expand hyperbolically , log« 3=1 *0985. Ana. 1, 009 H. P. 



Hyperbolic or Napierian Logarithms op Ratios op Expansion. 



Ka 


LogaritTiTn. 


Ko. 


Logarithm. 


No. 


Logarithm. 


No. 


Logarithm. 


1 





3-5 


1-2527629 


6 


1-7917595 


8-5 


2-1400661 


1-25 


•2231435 


3-75 


1-3217559 


6-25 


1*8325814 


8-75 


2-1690536 


1-5 


•4054652 


4 


1-3862943 


6-5 


1-8718021 


9 


2-197-2245 


175 


•5596157 


4-25 


1-4469189 


6-75 


1 -9095425 


9-25 


2-2246236 


2 


•6931472 


4-5 


1-5040773 


7 


1-9459100 


9-5 


2-2512918 


2-25 


•8109303 


4-75 


1-5581446 


7-25 


1-9810014 


9-75 


2-2772673 


2-5 


•9162907 


5 


1-6094379 


7-5 


2-0149030 


10 


2-3025851 


2-75 


1-0116009 


5-25 


1 -6582280 


7-75 


2-0476928 


12 


2-4849065 


3 


1-0986124 


5-5 


1-7047481 


8 


2-0794414 


15 


2-70S0502 


3*25 


1-1786549 


5-75 


1-7491998 


8-25 


2^1102128 


18 


2-8903847 
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LECTTJBE HL 

Contents. — Moment of a Force— Definition of the Moment of a Force — 
Conventional Signs of Moments— Algebraic Sum of Moments — £qtii» 
librium of a Body under the Action of Several Forces — Principle of 
Moments— Example I. — Couples — Definitionb relating to Couples — 
Propositions L, II., and III. — Example II. — Work Done by Turning 
Efforts and Couples — Diagram of Work Done by a Couple of Uniform 
Moment— Work Done by Variable Moments — The Fusee — Correct 
Form to be given to the Fusee— Questions. 

Moment of a Force. — When a body is free to turn about an 

axis, and is acted on by a force, P, whose line of action is in a 

plane perpendicular to 

the axis (but not passing 

through the same) the 

effect of P is to rotate the 

body about that axis. 

The measure of this 
turning effect depends on 
two things, viz. — (1) The 
magnititde of the force, 
and (2) The perpendicular 
distance betvjeen the axis 
arid the line of action of the 
force. Thus, if the axis 
be perpendicular to the 
plane of the paper, and O its intersection therewith, then the 
turning effect of P is measured by the product, P x ON; ON 
being the length of the perpendicular from O upon the line of 
action, A P, of the force, P. This product is called the Moment 
of the Force, P, with respect to the axis through 0. 

When the force acts in a plane perpendicular to the axis, then 
it is best to define the moment of the force with respect to the 
point ; the point O being the intersection of the axis with the 
plane of the force. We then get the following definition : — 

The Moment of a Force, with respect to a point, is measured 
by the product of the force into the length of the perpendicular 
drawn from the given point to the line of action of the force. 

From the above it will be seen that a force has no moment 
about a point in its own line of action. 
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In general, when we wish to find the moment of a given force 
■with respect to % given axis in the body on which the force acts, | 
we have to resolve the given force into two components, viz. — i 
(1) One in a^^ane perpendicular to the axis; (3) The other per- 
pendicular to this plane — {.e., parallel to the axis. The product { 
of the former component into the length of the peqjendicular | 
from the axis upon its line of action, gives the required moment. 
The component parallel to the axis measures the thrust or pull 
alon^ the axis. At the same time the component in the perpen- , 
dicular plane gives a measure of the transverse pressure at the 
axis. The proof of these statements will be given immediately. 

Conventional Signs of Moments— Algebraic Sum of Moments. — 
In problems relating to the momenta of a number of forces , 
acting on a. body which is free to turn about a given axis, it is I 
necessary to distinguish in sign between the moments uf those' | 
forces which tend to turn the body in one direction about the 
axis, and those tending to tui'n the body in the opposite direc- , 
tion. If the momenta of the one set of forces be regarded as 
positive, then those of the otl:-er set must be regarded aa negative. 
V?hich direction of rotation is to be considered as the positive 
direction is a matter of little importance, so long as a distinction I 
in sign is made and adhered to throughout the investigation. 

By the term " Algebraic Sum " is to be understood the sum i 
of the several quantities conaidored (whether momenta or any 
other quantities difl'ering in sign), each taken with its proper 
sign attached ( + or — ). 

Equilibrium of a Body under the Action of several Turning ■ 
Forces. — The tendency of a force to turn a body about a given 
point depends only on the proiluct of the two factors (1) effort 1 
and (2) its perpendicular distance irom the point. It therefore | 
follows tjjat if any number uf forces act in the same plane on a 
body and tend to turn it about a given point, th© result will be 
the same (so far as the turning effect is concerned) as that of a 
single force acting in the same plane, and having a moment 
equal to the sum of the several moments. If some of the forct 
tend to tiu-n the body in one direction and the others in th 
opposite direction ; and, further, if the sum of the momentii oi 
the one set be equal to the sum of the momenta of the other set, 
ao that the algebraical sum of the moments is zero, it follows 
that the body will have no tendency to turo in the one direction 
more than in the other. In other words, the body will be i 
equilibrium so far as rotation is concerned.* 

; given iu books on Thoorotical 
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Principle of Moments. — If any number of forces, acting in tha 
Efime plane, keep a body in equilibrium, then the sum of the 
moments of the forces tending to turn the body about any axis 
in one direction, is equal to the sum of the momenta of the forces 
tending to turn the body about the same axis m the opposite 
direction. 

Conversely. — If the sum of the moments of the forces in the 
oae direction is equal to tlie sum of the momenta in the opposite 
direction, the body will be kept in equilibrium. 



When a body is kept in equilibriiun by any number of co-planer 
forces, the algebraical sura of the moments of all the forces about 
any point in their plane is zero. 

Conversely.— If the algebraical sum of the moments about 
any point in theit plane is zero, the forces are in equilibrium. 

Example I. — A uniform beam weighiDg 1 ton rests on aup- 
porta at its ends, 30 ft. apart. ■Weights of 5, 10, niid 1 5 cwts. 
rest on the beam at distances of 6 ft. ajMirt, the weight of 5 cwts. 
being 4 ft. from one of tho supports. Find the reactions at the 
points of support. 



ft,-S3eal. 
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To Illcstkate Example on Moments. 



Aksweb. — According to the Principle of Moments jvst stated, 
ye may take moments about any point in the plane of the forces, 
in order to find Ej and E„ the reactions at the points of support. 
The rtudent, however, will find it advantageous to take momenta 
about one of the points of support; for then, the moment of 
tfiB reaction at that point will vanish, and he will thua have 
an equation containing only one unknown quantity — viz., the 
Other reaction. 
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take momenta about the point B, then we get :— 



Suppose 
El X AE = Wj X DB + (W„ + W) CB 

Substituting values, -we get : — 
El X 20 = 5x16 + (10 + 20) 



+ 15x 



440 



"i= 20 



12 cwts. 



9 (owtB.) 



Now, wo can either take moments about A, and find Ej in thi 
Banie way as we have found Ej ; or, wc niay make use of ou 
knowledge of parallel forces (since the above system is one o 
jiarallel forces) and get Ej. The latter method is the simpler 
Adopting this method, we get ; — 

El + Ej = Wj + "VYa + "V 
Rj = 5 + 10 + 20 4 
Or, Ej = 2S cwts. 

Couples. — We shall now show that all questions relating to 
turning forces are really questions involving couples compounded 
with single forces. 

Definition. — A Couple is a system of two equal and oppositely 
directed parallel forces, whose lines of action do not coincide. 

Definltios.— The Arm of a couple is the perpendicular dis- 
tance between the two equal forces. 

Definition. — The Moment of a couple is the product of one 
of the equal forces into the 



fUrrm 



'n iimm>»^>f^»-' '> n 
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arm. 

Thus, if a body be acted 
on by two equal and op- 
posite parallel forces, P, P, 
■whose points of application 
are A and B respectively, 
then these forces consti- 
tute a Couple. If M N be 
drawn J. to A P and B P, 
then tho length of this 
perpendicular is called the 
Arm of the Couple, and the 
Moment of the Couple = 
'• <- M N. 



From an inspection of the figure it will be seen that the effect 
of a couple acting on a body is to produce rotation. A couplo 
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I producing translation of the body on which 
! the following important Proposiiiont 



I no effect i 

We shall no« 
regarding couples 

Proposition I. — The Algebraic Sum of the Moments of the two 
forces of a couple about any 
point m their plane is con- ^ 

»tant; or in other words. 

The Moment of a Couple 
about any point in its plane 
is constant. 



UOMENT O; 



CoDTLE ABOUT A Ponra. 

the Hues of action 



Let Pi, Pj be the equal 
forces constituting the 
couple and O be any 
point in the plane of the 
couple. 

From O, drop the perpendicular N M 
ofPjandP;. 

Then, Moment of Pj abont = P^ x M. 

And, „ Pj „ =-P„xON. 

Moment of Couple about - Pj x O M - P^ x O H. 
U, „ „ = P^ X M N. 

But P^ X M N is clearly a constant quantity. It is, in fact, 
what we have already defined as the Moment of iJie Couple. 
Hence, we see that the moment of a couple about any point in 
its plane, is independent of the position of that point with respect 
to the couple. 

Remembering, then, that a couple has no traualatory effect on 
the body on which it acts, and that its rotatory effect is measured 
by its moment, we at once obtain the following corollaries from 
the above Proposition : — 

(1) A Couple may he considered as actmg anywhere in its own 
jlBJie. 

(2) A Couple may be replaced by another of equal moment and 
ago and acting in the same plane. 

(3) The Besultant of two or more Couples acting in the sajne 
plane, is a couple whose moment is equal to the algebraic sum of 
the momenta of the component couples.* 

* Lidependeiit proofB of these proposit 
I ThMntical Mechanics. 
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Proposition II. — A force acting on a rigid body can always 
be replaced by an equal force acting at any given point together 
with a conple. 

Let P be a force acting at the point, A, in a rigid body, and 
let be the given point. 

At 0, introduce two opposite forces, Pj and Pg, each equal to 
P, and having their line of action, P^ O P^, parallel to A P. 

Then, obviously, the introduction of these two equal and 
opposite forces at O will not affect tho action of P at A. We 
have now a system of three forces acting on the body, which is 
equivalent to the single 
force, P, at A. But, clearly, 
two forces of this system — 
viz., P and Pj^— constitute 
a coui?le, the moment of 
which is P >: N. The 
action of this couple is 
simply to produce rotation 
of the body. The remain- 
ing force, Pn, is that part 
of the system which pro- 
duces or tends to produce 
translation. The magni- 
tude and direction of P^ 
are always equal and 
parallel, respectively, to those of the original force, P. 

If O represents the intersection of the plane of the forces 
■with an axis round which the body is free to turn, then the 
moment = P x N", and the transverse pressure on the axis 
is P„ = P. 

Proposition III. — A force and a conple acting in the some 
plane are equivalent to or, may be replaced by, a single fores 
in that plane. 

This is the converse of Proposition II., and might have been 

assumed here without proof; but we prefer giving a proof since it 

exhibits a method or process of reasoning useful for other purposes. 

Let a force, P, and a couple whose moment is Q x 5, act in the 

same plane on a rigid body. 

Replace this couple by another of equal moment and similar 
in sense, and Laving its forces each equal to P, the given force. 
[See Oors. (1) and (2), Prop. L] 

Let the arm of this new couple be^. Then we must have:— ■ 
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Now, rotate this new couple in its plane into such a position 
that one of its forces acts along the same line as the given force 
P at A, but having its direction opposite to that of P. [See Cor. 
(1) Prop. L, and right hand fig. below]. We have then a system 
of three equal forces, two of which — viz., P, P^ at A — neutralise 
each other, and then we are left with the single force Pg, acting 
along a line B Pg parallel to A P, and at a distance p from it, 
suchthat^ = gQ/P. 

Several important applications of the preceding propositions 
will be met with throughout the present treatise. 




T 

I 

I 

I 

I 

P 

I 

I 
I 
I 

*_ 



'9' 



B 



% 



A Force and a Couflk Replaced by a Fobcb. 



Example II. — A uniform platform, AC, turning about a hinge 
at A, is kept in a horizontal position by means of a chain, C H, 
fixed to a hook, H, in the wall vertically over A. A barrel 
"Weighing 6 cwts. is placed on the platform at B. Determine the 
tension in the chain, and the magnitude and direction of the 
reaction at the hinge. A; given weight of platform = 2 cwts., 
AC = 6 feet, A B = 5 feet, and A H = 8 feet 

Answer. — (1) To find T the tension in tJie cliain^ C H. 

From A drop the perpendicular A N on C H. Take moments 
about ther hinge, A, so as to eliminate the reaction at that point. 
Then, by the Principle of Moments, we get : — 

TxAN = WxAB + w;xAG 

6x5 + 2x3 = 36 cwt.-ft. 
36 
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T = 



AN 



-cwt. 



• (1) ^ 



"We have now to determine the length of A N in feet. 
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The easiest way to find tliis, is to express the 


area of th» 


iright angled triangle, ACH, in two ways, and then 


quate these.. 
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To ILLT7STRATK THE TENSION IN THE CliAIN .KSD THE 


P.EACTMIf 


AT THE PlATFOBM HINUE. 




Thus, Area A A H = J {C H x A N). 




Also, „ „ = HA C X A H). 




^(OH X AN) - J(AC >. AH). 




U., AJ,.^"^^'^^. 




^11 ^ jj 




Or. " CH CH^-' 


• . » 


But, C H = V A C^ + A H*. 


Or, „ = V Ii2 + s^ ^ 10 ft. 




From eqn. (2) ^ N = J^ =4-8 ft. 


. 


And, „ (1) T = ~y = 7'5 cwts. 


^ 
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(2) To find the reaction at the hinge, A. 

Resolve the tension, T, in the chain, C H, into two components, 
viz., one along C A and the other perpendicular to C A, 

Let Th = horizontal component of T 
„ Tt, = vertical „ „ 

Then, T^ = T cos .-:r H A 

„ = 7-5 X — = 4-5 cwts. 
Also, Tp = T sin .^ H A 

Q 

„ = 7*5 X —> = 6 cwts. 

Now, let "R denote the reaction of the hinge at A, and let 
Ra, Rv represent the horizontal and vertical components of K. 
Then since the only horizontal forces acting on the platform are 
Ra and Ta, these must be equal and act in opposite directions. 

Ra = Ta =^ 4-5 cwts. 

Again, Rt,, Tt;, W, and w constitute a system of parallel 
forces. in equilibrium. 

R„ + T„ = W + «; 

Ro=:6 + 2-6 = 2 cwts. 
But, R2 = R2 + R2 

t.«., R2 = 4-52 + 22 = 24-25 

R = V 2^25 = 4-92 cwts. 



• • 



(3) To find the direction of the reaction, R. 

Since Ra acts from A to C, and Rt, acts vertically upward s, 
it at once follows that the direction of R lies along some line 
between A C and A H. 

Let r denote the length of the perpendicular from C upon the 
line of action of R. Then, taking moments about 0, we get by 
the Principle o/ Moments : — 

Rxr = WxCB + wxOG 
Or, 4-92 xr=6xl + 2x3 = 12 cwt.-ft. 

r= i|y=243ft. 
4-92 
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To Bet out the line of action of R we may proceed thus: — 
With centre, C, and radius, r = 2'43 ft. draw an arc of a circle 
above line A C. From A draw a tangent to this arc. Then the 
direction of the reaction ia along this tangent. 

NeCe.—^Yhen the Btudent haa studied the Leotarea on the Graphical 
Metbodi of determiniDg the Btresses iu BtruutureB he should return to this 
problem, and detcrmina graphically the tenHion in the ubain, C H, and the 
uiEignitade and direction of the reaction of the binge at A. 

Work Done by Turning Efforts snd Couples Wo are now ii 

a position, to be able to find the work douo by turning forces 
and couples, and to construct the diagraraa of work done by 
such efforts. 

Case I, — Work Done by Uniform Moments. — Let O be a point 
in the plane of the turning or twisting eflbrt, P, round which 
the body ia rotating. 



Then, 



Moment of P about O 




UsiFORM Moment, 



Iiet the body make n complete turns. 

Then, Displacement of P = 2 ir r n 

.'. Workdonr. by V = F x 2i:rn^Fr x 2vn = 'M.x2Tn. 

turned through 



But 2 ■r n is the circular measure of the 
by the effort, P. 

Let i denote this angle— i.e., let 5=2(7 n, 

Then, Work done by moment, M, dur- ) _ tw - 

ing angular displacement, ^| ~ ■'^"' • • ■ (*) 

Now we have already seen that every turning effort may be 
regarded as equivalent to a couple of equal moment to the effort 
and a force eijua! and parallel to the effort acting at the point 0. 
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For the present we are only concerned with the turning effect 
of the effort or couple ; hence, if a body is rotated by a coujilo 
cf moment, M, through an angular displacement, 9 : — 



Then, 
Where, 



Work done by couple = M fl, 



Diagram of Work Done by a Coaple of Uniform Homent.^From 
equations (1) and (2) it will be seen, thitt the quantity, il, or 3 t n, 
ht.a the same relation to tlie equation for the work done by a 
couple, that L had iu the previous expressions (P x L) for the 
*ork dono by a force ; only, that here S representa an aii'/ular 
diBplacemeiit while in the previous case L represented a linear 
displacement. And, just 
»s we can construct a dia- 
gram of work for linear 
displacemeJits, so also, can 
ve construct a similar dia- 
grsm of work for angular 
dieplaoements. 

Heace, draw two rect- 
ftDgularaxes, ox, oij. Set 
ofl' A to represent the 
turning moment, M, and 
OB to represent the 
wigujar displacement, d. 

Then, if the moment of 
the couple be uniform, the i 
Mnta the work done. 

i.e., Work Done = 

Case II.- — Work Done by a Couple of Variable Moment. — If 
we wind up a flat spring (aucb as the main spring of ft watch 
or clock) or twist a helical spring or a wire or shaft by an effort 
in a plane perpendicular to ita axis, the twisting moment re- 
quired is proportional to the angle of twist within certain 
limits. This law may be stated briefly, thus : — 




of the rectangle A C B repre- 



^ OACB= UL 



We can prove, aa in Lecture I., that the diagram of work for 
Wch cases as the above will be a triangle or a trapezoid a^ 
iny as the spring or shaft is in a neutral or ini' ' 
vhen we begin to further twiat or untwist it. 



ram ol work tor a 

trapezoid accord- A 
al state of stress ^| 
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Thus, let the material be in an unstressed condition to begin 
■with; anil let M» be the twisting moment corresponding to the 
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angle of twist, B.-,. Then, for any other angle of twist, 6, ■we 
get the cov responding twisting moment, M, from the proportion 

M : Mg = fl : ^o . 

Hence, if A. B, A H, and E represent 6„ fi, and M^ respec- 
tively, wB see that M will be represented by the ordinate H K. 
For, obviously, 

HK : BC = AH ; AE= ^ : fl^. 
,'. H K represents the twisting moment for angle of twiat, i, 
to the same scale that B C represent M„. 

„ ^..., j__. .-, ,^„;„j, ( _ j,,„ ^ _5^ jj g _ J j; ,^ 

aitial and final angles of twist be 6^ and S„ respectively. 



= Area D B C E 



Work done in twisting maUTial I 
through anjle i^., - B^ / 

= ^(M2+Mi)(d.-a,).. 

The FnsBB. — As an illustration of the manner in which the 
variable twisting moment of a coiled spring may be compensated, 
and thus secure a uniform turning effort, we may instance the 
case of the fiitee as adopted in many watches, clocks, and 
chronometers. In such cases, the driving of the works at a con- 
stant rate is the object aimed at, and this naturally requires a 
constant turning effort in the wheelwork, this effort being just 

" ' the frictional and other resistances offered 

Now, one of the most compact and coa- 



fficiont to ( 
by the mechanism. 
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Tenient piecoa of mechanism into which mtschanical energy can 
be stored is that of a coiled spring, and since the very nature of 
the spring is such, that its moment decreases as it nncoils, we must 
employ some compensating device between this variable driving 
force and the constant resistance. The fusee doca this in a most 
accurate and complete manner. Looking at the accompanying 
figures and index to parts, we see that the barrel, B, which oon- 




B npresenta BaireL 

EW " Eatchet wheel. 

**ins the watch or clock spring, ia of uniform diameter, and that 
letween the outside of this barrel and the fusee, or spirally 
gruofed cone, there passes a cord or chain. "When the winding 
isy is applied to the winding square, WS, and turned in the 
pMper direction, a tension is applied to the cord, and it is wound 
upon the spiral cone, thus coiling up the spring* inside the 
wTel, B; for the oiiter end of this spring is fixed to the peri- 
phery of the barrel, and the inner end to its spindle or axle. 
"hen the spring ia fully wound up it exerts the greatest ft 
nut it acts at the least leverage, since the cord is on the groove 
of least diameter. "When the spring is almost uncoiled i 
at the greatest leverage, for then the cord i 
o{ largest diameter. Consequently, the radii of t' 
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of this cone are made to increaae in proportion as the force 
applied to the cord decreases, in order that there shivil be a 
constant turning effort on the works of the clock or watch. 

Coirect Form to be given to the Fnaee Curve. — We shall now 
show that the true form of the fusee curve is tliut of a rectangular 
hyperbola for equalising the eti'ect of a spring of uniform elas- 
ticity, and when neglecting the other connections. 

Let ABCD be the diagram of work for the spring inside 
the barrel, B. Then, from what has been said above, ABCD 
will he a trapezoid. 

Let B C represent P, the force which the spring (inside tho 
barrel) exerts on the cord or chain when it ia fully wound up. 
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Similarly, let GH represent p, the tension ia tho cord or chain 
at any other instant. 

Let the ordinatesEB, KG, and FA, represent the several radii 
at which the cord acts on the fusee. Then E K F will be the curve 
required to be given to the fusee. Thus, BE represents tho 
radius at wliich the tension, P, in the cord acts when the spring 
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inside B ia completely wound up. Similarly, G K. represents the 
'radius of the fusee corresponding to the tension,;), in the cord. 

Prodnco C D till it meets B A at O. Take aa the origin. 
Let O G = a:, G K - y, and O E = t. 

Tlien, if ■we have a constant tioifliv-g momenC acting on the 
e spindle : — 



a constant (m) 



(1) 



"Where 



a constant. 



Substituting this value for p in equation (1) we get ;- 

■nxy = m 
Or, xy = — = a constant. 



it this ia the equation for a, rectangular hyperbola refen-ed to 
the axea X, Y which are its asymptotes. We have met with 
this enrye before when treating of the expansion or compression 
ot gases according to Boyle's law. 

In practice, the fusee is made as nearly as possible to this 
shape. Then the fusee and spring are connected, as shown by 
the figures on page 43, and tested by fixing an L-shaped lever 
(with an adjustable weight on the long arm of this adjusting 
rod) to the winding square, W S, and finding whether the ten- 
ion in the cord or chain (as due to the spring enclosed in E) 
s balanced in every position by the same turning etfort on 
the lever. 

Should the turning moment of the combined spring and fuaea 
he thus found to he greater when the spring ia fully wound up 
than when it is nearly run down, the initial tension of the 
sprmg is too great. To lessen this, the ratchet wheel, R W, ia 
MMd back a tooth or two, the cord readjusted, and the above 
eiperiment repeated until the nearest approach is arrived at to 
tnnifbrm turning effort on the works of the timepiece. 
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Lbctdrb m.— QcEanosa, 

1. Define tlie mometit of a force with respect to a, point. Wliea U a 
momeot reclioned positive aud whan Degative! Draw an equilateral 
triangle, ABC, and suppoao each aide t« be 4 feet long. A force of 8 
units acts from A to B, and a force of 10 tiaits from C to A. (a) Find tha 
moment of each force with respect to the middle point of BC; (6) Find 
a point with'TcspeCt to which the forces have e4]ual moments of opposite 
signB. Alls, (n) 18 V 3 ! W -'^y point on the resultant. 

■2. iStatB the principle of mnmenta and henuc ehow tbat the momenta of 
two forces a,boat any point in their resultant are cqnal and opposite. A 
rod ia supported horizontally on two points, A and B, 12 leet apart. 
Between A and B points C and D are taken snch that AC=BD = .'* feet. 
A weight of 120 Iba. ia hnng at C, and a weight of 240 Iba, at D. Take a. 
point midway between A and B and find with reapoct to O the 
algebraic sum of the moments of the forces acting on the rod on one side 
orO. (You may neglect the weight of the rod.) Ans. 640 ft. -iba. 

3. In a blowing engine of the overhead beam oonstruction the area of 
the steam piston is 2,712 square inches, and the mean pressure of the 
steam is 30 lbs., while the area of the piston of tlie blowing cylinder ia 
16,272 square inches. The leverage of the working beam is as 15 on the 
steam side to SO on the opposite side ; what is the pressure of the air as it 
leaves the blowing cylinder ! Ans. 3-75 lbs. per squire inch. 

4. A safety valve, 3 inches in diameter, is held down by a lever and 
weight. The distance from the fulcTDm to the pin of the valve is 6 inches. 
Weight of valve 5 lbs. Weight of lever 15 lbs. Distance from fulcrum 
to centre of gravity of lever 16 inches. Find where a weight of GO Iba, 
must be placed on the lever so that the steam may blow off at a presBore 
of 5S lbs. per sq^oare inch. Ans. 35*1 inches from fulcrum. 

5. Deline a couple, its arm, and its moment. Show that two couples, 
whoae momenta are equal and of opposite signs, are in equilibrium when 
they act in the same plane on a rigid body. If forces act from A to B, 
B to C, and C to A, along the sides of a triangle, ABC, and are pro. 
portional to the aides along which they respectively act, show that they 
are equivalent to a couple. 

6. .Show that a force acting at a given point A, may be replaced by cm 
equal parallel force acting at any other point B, and a couple whose 
moment equals moment of original force ahout B, 

7. Find the resultant of a force and a couple acting in the same plane. 
Draw a square, A B C D, and its diagonal, AC. Two forces of 10 lbs. 
each act from A to B and from C to D respectively, forming a conpla 
A third force of 15 lbs. acts from C to A. Find their resultant, and ahow 
in a diagram exactly how it acts. Ang. R = 15 lbs. 

8. State the principle of moments, and apply it to the solution of the 
following qnestion:— AB, AC are sheer poles secured to abase plate in 
the ground at B and C, and hold in position by a wire guy or tension top^ 
AK, attached to the ground at E, D is the middle point of the line joinmg 
BoadC, and BC is perpendicular to ED, Given A B = A C = 26 feet; 
BC= 14 feet; DE = 40 feet ; AE = S5 feet. Find tension in the guy 
ropo when a weight of 20 tons is suspended from A. Aiuf. 13*55 tona. 

8. Explain, with a sketch, the use of a fusee in equalising the variable 
force of a spring coiled within the liarrel of a watch. Find tiie thooretioal 
form to be given to the curve of tiio fuaee, 
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10. A safety valve, 3i inches in diameter, is held down by a lever and 
spring. The arrangement has to be so constructed that each pound of 
additional pressure per square inch on the valve will be registered as such 
on the spring at the end of the lever. Neglecting the weights of the lever 
and valve, yon are to determine the relative distances of spring and valve 
from the fulcrum of the lever. After the valve has been set, determine 
the additional pressure per square inch which will be necessary to lift the 
valve -^ inch, the spring requiring a force of 10 lbs. to extend it 1 inch. 
You may neglect the weights of the lever, valve, and spring. Sketch 
the arrangement. Ana, 9 '625 : 1; 4'82 lbs. 
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LECTURE IT. 

— Principle o£ Work — PrinoiplQ of the CouBerration of Energy— 
DeGDition of [mergy^Usefnl uul LobC Work in Machineiy — Proposi- 
tion — Prinoiple of Work Applied to Machiiies— DeSnition of Efficiency 
— Object of a Machine — Definition of a Machine — Simple or Elementmy 
MacluneB — Force Ratio — Velocity Ratio — Mechanical Advantage — 
Relations between tbe Advantage, Telocity Ratio, and Efficiency of k 1 
Machine^ExampleH I. and U. — QncBtionB. 

Before tafcing up tbe subject of simple raacliinea we shall give 
» brief statement of another important principle in Mechanics 
blown as the " principle of work." 

Principle of Work. — If a body or syetem of bodies be in 
eqnilibrinm under the action of any namber of forces, imd receive 
B Email displacement, the algebraical sum of tlie work done by all 
the forces is zero. 



Conversely. - 
eqmlibiinm. 



If tbe work done be zero, the forces i 



We may verifj' the truth of the principle of work by assuming I 
tbe principle of moments, or the principle of the parallelogram 
of forces, 4c.; or, conversely; having assumed the principle of 
*ork ire can verify the truth of the principle of moments, or tho 
principle of the parallelogram of forces. After all, the principle 
of Tork ia only a particular case of the more general principle 
csUed the Principle of the Conservation of Energy, which is now 
WiivBrKally accepted by all scientists, and may be stated thus; — 

Principle of the Conservation of Energy. — The total energy of 
soy material system ia a quantity which can neither be increased 
nor diminished by any action between the parts of the system, 
ttiQngh it may be transformed into any of the forms of which 
snergy is susceptible. {Clerk Maxwell.) 

Definition.— Energy confers upon a body possessing it the 
ibHity to do work. 

Tbe principle of the conservation of energy, therefore, asserts 
tlat there can bo no increase or decrease in the energy of any 
ijstem without an equivalent loss or gain of energy in some 
other Bystem. If in any isolated system there be an increase in 
WiB form of energy this can only hapjjen at the expense of some 
rf tie other forms of energy in the system. 
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Hence, the total energy in the Universe is a constaot qnantitr. 

We may change energy of one form into that of another, but 
■we can never change the total a,moiint. 

neefui and Lost Work in Macfaineiy. — In the coae of machines, 
it is true, tliat the useful work is much less than the work put 
into the machine. A part of the total energy exerted is rendered 
iinavailable for useful work, this part being employed in over- 
coming the friction at the rubbing Gurfaces; by setting up 
vibrations In the machinery, &o. ; and these reappear in the 
forms of heat and sound energy, &c. The energy thus mia-spent 
is a direct loss to the engineer, and he has to contrive means 
for its reduction; although, he can never hope to entirely 
eliminate it. 

Since the Htudeut is stiU expected to give a demonstration or 
verification of the Prlnoijile of Work; when, say, the truth of 
the Principle of Momenta is assumed, we herewith give such a 
demonstration in its usual form as It appears in moat works on 
this subjects 

PnopoaiTioN.— To veriiy the truth of the Principle oE Work 
bj aBBaming the truth of the Principle of Moments. 




MoMKNia. 



Let A F B be a rJEid lever capable of turning about a fulcrum 
at F. Let forces P and W act at the extremities A and B 
respectively. Let the three forces, P, W, and the reaction at F» 
be a systeni of forces in equilibrium. 

Then, by the Frineiple of Moments, we have : — 



Or, 



P X AF = W X 
P: W = BF: 



EF 



. . (1) 

Now, conceive the system to receive a small displacement^ 
the forces being still in equilibrium. For this displacement i* 
■'•» best to conceive the lever tilted through a very small angle <*»■ 

Jid the fulcrum, F ; its new position being A' F B'. 
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Wori (lone hijV = P X A' M 

„ „ W = - (W X B' N) 
Total fvork dom = P x A' M - "W x B' N . . (2) 
t, from the similar s; N F B' and M F A', we get :— 
E' N ; A' H = B' F ; A' F 
„ = B F : A F 
From eqn. (1), B' N ; A' M = P : W 

WxB'X=.PxA'M 
ince, from eqn. (2), we get: — 

Total work done = P x A' M - P x A' M = 0. 
verifies the piiaciple as stabed above. 

e student sljould now prove in a similar manner the oon- 
! statement, and also, verify the truth of the PrvJieiple of 
cuts by assuming the Principle of Worh. 
inciple of Work Applied to MachineB. — When applied to 
lines the Prhiciple of Wori takes the form :— 
i work expended - Useful work done + Work lost in the machine. 

Work put in= Work got ont + Lost work, 
we denote these three quantities by W^, W^, and Wi, re- 
tively, we can write the above equation thus : — 

W, = W^. + W^ (I) 

EFisiTioN. — The ratio which the usefttl work done bears to 
lotal work expended is called the efficiency of the machine. 

Useful work done _ W,, ,,-, 

y of an actual machine is always a proper fraction. 
_' could only be unity in the case of a perfect 

r where we assume the entire absence of frictional 
other losses. In such theoretical cases we state the Principle 
'ork in the following form ; — 

Total work expended = Useful work done, 
ijeot Ol a Machine. — The object of a machine is to enable U8 
Tform work of various kinds, eitlier by our muscular exer- 
1 or by utilising the forces of nature. 
e may define a machine either from a siatlaA or from a 
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kinematkal point of view. Regarded Statically, it is an instru- 
ment /or ehanghig the viagnitude, direction, or place of application 
qf a given force. Kinematically, i( is an instrument for changing 
the direction or the velocity of a given motion, or hol/t direction arid 
velocity. , 

Combining these two statements, we get the following ; — ' 

Definition. — A machine is an instrument, or combination of ' 
movable parts, constructed for the purpose of transmitting' and 
modifying, in various ways, force or motion, or both force and 
motion. 

Or, a machine may be defined to be a combination of resistant 
bodies whose relative motions are completely constrained, and by 
means of which the natural energies at our disposal maybe trans- 
formed into any special form of work. {Prof. A. B. W. Kennedy.) 

Simple or Elementary Machines. — All maciiines, however com- 
plicated, are merely comhi nations of two or more of the following 
mechanism a ; — 

1. The Lever and Fulcrum. 4. The Inclined Plane. 

2. The PuUey. 5. The Wedge. 

3. The Wheel and Axle. 6. The Screw. 

In reality, there are only tvio elementary mechanisms distinct 
in principle — viz., the Lever and the Inchned Plane. The Pulley 
and the Wheel iind Axle are but modifications of the Lever ; 
■whilst tjie Wedge and the Screw are but particular cases of the 
Inclined Plane.* 

Force Ratio— Velocity Ratio— Mechanical Advantage. — In con- 
sidering any machine it is desirable to know the ratio which 
the applied force or effort bears to the resistance or load over- 
come. This is termed the Force Katio. Also, the ratio of the 
velocities of the points of application of the effort and resistancf. 
This is termed the Velocity Katio. In this treatise we shall 
denote the applied force or effort by P or Q according as fric- 
' ' ' or taken into account; W being 
cases. 

Then, P = Theoretical force required to overcome resistance, W. 
And, (^ = Acluai „ 



Theoretical Force Ratio -= ^ 
Actual Force Ratio = ^ 



- ("U 
IB author'! ' I 
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— Velocity of the point of application of the effort P or Q. 
= „ „ „ „ reBistance, W". 

Velocity of P or^ 

Velocity or W 

Let X = Displacement of the point of application of P or Q. 



Then, Velocity Ratio = 



■ (IV) 



W. 



Then, in a given time or period of motion of the inacliine, it 
s clear that : — 
Velocity of P or Q _ Displacement of P or Q in a given time 



Telocity of W 
Or, 
(.ft, Velocity Ratio = - 



Displacement of W in the « 



P or Q's diaplaoement ( ' 
y ~ yf'a displacement } 

The reciprocal of the force ratio is usually spoken 
Mechanical Advantage of the machine.* Hence : — 

_ i- , . . Resistance overcome V 

Theoretical advantage 



Actual advantage . 



theoretical force required P 
Resistance overcome _ W 

Actual force required " ' ~ Q 



(^) 



(VI) 
(VII) 



Malions between the Advantage, Velocity Ratio, and Efficiency 
Oi a Machine. — Neglecting friction and applying the " I'rincijjle 
tf Work" to any inacliine, we get: — 



P X its displacement 



(Till) 



W X its displacement = 
Or, W X y = 

W 
P ' 

Or, from Equation (V), y = 

te., Theoretical Advantage = Velocity Ratio. 

* Id Eome treatiBot on Applied Mecbanica the force rolio and Meckaaical 
Mtantagc are BynonymouB terms, but, since in many prablems it 
able %o kaow what ratio P or Q bears to W, wo have chosen t] 
tenii (force ratio) to denote eitlier of these ratios, i 
" odvanla^r: " in its original sense, to denote the reciproo 
or the ratio of the load overcome to the force required tt 




r 
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Again, in any machine we get : — 

-„„ . Useful work done 

Efficiency = 



Total work expended Qa; 

W P 

= -^ =< =^ from Equation (VTir). 

-I I 

Theoretical force to overcome W I 



1 



" Actual force to overcome W J 

Example I. — Determine the rela- 
tion between P and W in "Weston's 
differential pulley block^(l) hy the 
Principle of Moments, (2) by the Prin- 
ciple of Work. The radii of the 
pnlleya are 4| inches and 4^ inches. 
Taking the efficiency of the machine 
at 40 per cent,, find the effort re- 
quired on tie 
hauling chain in 
order to raise a 
weight of ^ ton. 
"What is the 
actual adyfLU- 
tSige in this ma- 

Answek. — Let 

R and r denote 

the v.idii of the 

rger and 

aller pulleys 

?pectively. 

(1) Since flie 
weight, W, ia 
supported by 

Westos's Diffeekntial two parts of the 

PM.LBY BiWCK. ^^i^_ it ig ^l^ 

that the tension in each part is W/2. 
Considering the upper or differential 
pulley we see that it ia acted on by 
three forces at the circumferences, viz.: 
— The tensions in the two parts of tim 
chain supporting W, and the pnll, P, 
along the hauling part of the chain. 




SKELRTOtr FlQITKE 



^^V WESTOS'S DIFFKIIENTIAL PULLEY BLOCK. 
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^flftbig momenta round the centre of the pulk-y 
^plying the Principle of Moments, we get :— 


pin 


and 


....-«.-^.K. 




^^ 


Br, PxE.:|(E-r), 




4 


P E-r 






the differential puUey makes one complete turn, W being raised 



during the operation. Then 

The displacement of P = a: = 2 ir R. 

One part of the chain supporting "W is overhiWlled by an 
amount = 2frR, while the other part is let out by a ieugtli 
= 2 fl-r. The weight, W, will, therefore, he raised by an amount 
equal to the algebraical mean of these two displacements of the 
supporting chain. 

Or, 
DiBplacen)€!nt ofW = y = ^(StR - 2 ^r) = !7{E - r). 

Hence, by the Principle of Work, we get : — 



• w 



is i^ however, the b. 



^(E- 



e result as before. 



I 



li- r 



p_ . TJaeful work done "W j 

mciency = ToMl^^t^^ded " Q^ ^ "Q " ^^■ 

In the example, the efficiency 1=40 per cent. = 4; W = 560 Iba.;, 



Hence, 



■4-- 



Q = 



5G0 



= 38'8 Ihs. 



Actual advantage = 



W 560 14-4 
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Example II. — It is fouod by trial that when P is on the 
point of lifting Q by means of a single fixed pulley, P=(l +i»)Q, 
where m ia a fraction depending on the friction of the parts 
of the machine. If three such pulleys are combined into "a 
block and ta«kle," find the effort requisite to raise a given weight 
" ■ '" m equals 02 so that an effort of CO lbs. 
would just raise a weight of 50 lbs. in a 
single fixed pulley, find the number of 
ft. -lbs. of work done against friction, when 
a weight of 1,000 lbs. is raised 20 ft. by 
means of a block and tackle of three such, 
pulleys. (S. and A. Adv, Theor. Mechs. 
Exam. 1883.) 

Answer, — (1) Let the figure represent 
the block and tackle consisting of three 
pulleys or sheaves. (In this figure we 
have drawn the pulleys of different sizes 
for the purpose of showing clearly the 
various ropes and exhibiting the forces). 

Let Pj be the effort required to raise a 
given weight, W, hy means of this system 
of blocks. Let Pj, Pg, Pj, denote the ten- 
sions in the three parts of the rope as 
shown. 

Then, from conditions stated in question, 
we get :— 

Pi = {l +m)P, ... (1) 
P, = (1+™.)P3 ■ . . (2) 
P, = (1+™)P, ... (3) 
Adding together the corresponding sides 
of equations (1), (2), and (3), we get : — 

P, + P, + Pj . (1 + m) (P, + P, + PJ. 

„ „ - P, + P, + P, 4. m (P. + P, + P,). 
.-.<., P,-P, + m(P, + Pj + PJ. 

But. Pj + Pg + P^ = W. 

P, - P, + i» W (4) 




FuLLBE Block. 



Multiplying together equatioi 
P,P,P, . (1 - 

Pi = (1 H 



1 (1), (2), and (3), we get:- 



(1 + >»)■ 



i 
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Snbstituting this value tor P^ in equation (4), we get 
P, 
' (1 + m)" 
Pi { (1 + m)° - 1 } = M(l + m)' W. 
Or, (m* + 3 m' + 3 m) P, - m ( 1 + m)' W. 

ie., (m 



i + 3) P, =(l+m)'W. 1 



0/ 

I 



(2) In the example 

effort, Pj, required to r. 

From equation (5), w 



given, m = 0*2, and we may find the 
ise a weight, W = 1,000 lbs. 

S^ X 1.000 Iha. J 



(0-2+3 
- 1,000 



When W rises 20 feet, then clearly P, will 1 
3 >; 20 = 60 feet. 

Wm-k done 6y P^ = 474'73 x 60 = 2S,483'2 ft.-lbs. 
And, Work done onW = 1,000 x 20 = 20,000 fc-lba. 

Work done againat friction - 28,i83-2 - 20,000 = 8,483-2 ft.-lhB. 
Wo might also find the efficiency of thia machine. 
Wy _ in + 3 m + 3 1 

Where x = displacement of P^, and y = corresponding dis- 
pUoement ofW, and y : x = 1 : 3, there being three parta of rope 
•SHMrting W. 

.-. Efficiency = „— -'f.t^„ = -V021 = 70-21 per cent. 



^ = -7021 = 
9-79 per cent, of total ■work expended i 



tost ia 



.i 
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lararniiK IT.— QcKsnoss. 

1. State the principle of work, and apply it to Bhow that a, balanced 
lever whose anai are 2 and 3 will remaiu in equililirium when weights 
which are as H and 2 are suspended at its ends. 

2. Apply the principles of momenti and of work in determining the 
relation betwocu P and W in the wheel and componnd aide. A weight of 
20 lbs. druwH up W lbs. by means of a wheel nnd compoiuid axle. The 
diameter of the wheel ia 5 feet, and the diameters oi^the parts of the 
compound axle arc 9 and 11 inches respectively ; find W. Aiis. 1,200 lbs. 

3. A compound axle consists of 2 parts, the diameters being 10 and 13 
inches respectively, and a rope is coiled round them in opposite directiona 
so as to form a loop, upon which hangs a pulley loaded to 4S lbs. Con- 
sidering the parts of the rope to be vertical, Sod the force which, acting 
at a leverage oti feet upon the axle, will just balance the weighL Sketch 
the arraagement. Ant. i tb. 

4. In a cannpottnd wheel and axle, where the weight bangs on a sinels 
movable pnlley, the diameters of the two ]iartians of the axles are 3 and 2 
inches respectively, and the lever handle which rotates the axle is 12 inches 
in length. If a force of 10 lbs. be a]>plted to the end of the lever handle, 
what weight can be raised ? Ana. 4S0 Iba. 

5. De&no the terms force ratio and velocity ratio as applied to machines. 
What ninst be the difference in the diameters of a compound wheel and 
axle BO that the velocity of P may be 100 times that of W, the length of 
the handle being 24 feet? (S. and A. Adv. Exam., 1887.) Am. 1-2 inches. 

6. In a componnd wheel and axle, let the diameter of the large axle be 
G inchea, and that of the smaller axle 4 inches, and the length of Che handle 
20 inches; find the ratio of the velocity of the handle to that of the weight 
raised. Aas. 40 : 1. 

7. Define the terms, force ratio, velocity ratio, theoretical and actual 
EidvantBges and efficiency of a machine. A tackle consists of two blocka, 
each weighing 10 lbs. The lower or movable block has two sheaves, and 
the upper or filled one has three sheaves. It is found that a force of 5G lbs. 
19 required to raise a weight of 200 lbs. suspended from the hook of the 
lower block. Find (1) the theoretical advantage, (2) Che actual advantage, 
(3) the efficiency of the machine, (4) the |)ercentagB efficiency. If W rises 
6 feet, what length of rope must be hanled in? Aju. (1) 476 : 1; (2) 
3-57 : 1 i (3) -Tl ; (4) 71 ; 30 feet. 

8. Describe Weston's differential pulley. If the weight is to be raised 
at the rate of 5 feet per minute, and the diameters of the pulleys of tho 
compound sheave are 7 and S inches respectively, at what rate must the 
chain be hauled? (3. and A. Adv. Exam. 1SB8.) Ait*. SO feet jier minnte. 

9. State and explain the principle of the conservation of enei^ and shoir 
that tiie principle of work is only a portvcalBr ease of this general principle. 

10. State the principlB of work and apply it to determine the relation 
between P and W iu Weston's differential pulley block. In such a block 
the radii of the pulleys are 5 inches and 4^ inches respectively. Taking 
the efficiency of the machine at 50 per cent. ; what force mnat be applied 
to the hauling chain in order to raise a weiglit of 1 ton? What ie tba 
actual advantage in this machine ! Am. 224 lbs. ; 10 ; 1. 

11. Explain the methods which yon would adopt to find the mechanical 
advantage and efficiency of any machine, such as the ordinary block and 
tackle, or a Weston's differential block. Having found the theoretical 
pnll (P) and the actoal pull (Q) required to raise a given weight (W), what 
would bo the efBcieney of the machine! Give reasons for your answer. 
Ana, Bfficienoy ^ P/Q. 
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LECTURE T. 

CoKTZsra,— Befiiiition of Friction— Limiting Friction— Definition of Coeffi- 
cient of Friction — ^Statio and Kinetic Friction— Ordinary Lawa of ' 
Friction tor Plana Surtacca — Morin's Experimenta— General Reaults o[ > 
Heccnt Experimenta on the Friction of PUne ^urfacca— Simple Methods 
for Finding the Coefficienta of Friction and Angles of Repose — Defini- 
tion of Angle of Repose— Limiting Angle of Resistance ajid its Defini- 
tion— Eiamples I. and II. — The best Angle of FropuUion or Traction — 
Example III.— ^uestionB, 

Depinitios. — Friction is the terra ased to denote the Tesistance 
to motion which is esiperienced when one body is made to slide | 
over the surface of another. 

The true cause of friction is the roughness of the surfiicea in 
contact. The surfaces of all bodies are more or less rough, and, 
when examined by means of a, microscope, they are found to ba | 
covered with minut* projections, which are smaller the smoother 
the surface. When one surface rests upon another, the projec- 
tions of the one appear to fit 
into corresponding hollows in 
the other. Hence, to move 
the one surface relatively to 
another a certain force mast 
he exerted either in separating 
(i.e., lifting) the surfaces suffi- 
ciently to clear these projeo- 
id clearing others. By inter- 
grease, between the surfaces, 
the friction may be greatly diminished. In such cases, the 
surfaces do not appear to he in actual contact, but are separated 
by a' thin film of the lubricant, over which they slide. The 
amount by which the friction is thus diminished depends on 
the nature and quaaitity of the lubricant between the rubbing 
surfaces. 

Limiting Friction. — Friction ia thus a tangential resistanoe 
offered to the motion of one body over the surface of another. 
Thus, if the body, B, is made to slide along the surface, M N, by 
the force, F, the frictional resistance, F, always acta along the 
1 tangent to the two surfaces in contact. Whilst B ia 
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jast beginning to move, the resistance, F, increaaea from nothing 
to a certun limit, so that any further increase of F causes the 
body to slide. The greatest amount of friction thus called into 
ploj ia usually spoken of as the Limiting Friction. It depends 
for its magnitude on the 
reaction, B, between the 
aurGiEes in contact (due to 
the weight of the body, W) 
and the naiare of those 
sor&ioBa. The limiting fric- 
tion, F, ia measured by the 
least force, P, which just 
uoaeB sliding to take pla.ce 
in B horizontal plane. 

Definition. — The CoefBcient of Friction (/*) ia the ratio of the 
limiUng Friction, F, to the Normal Reaction, B, between the 
SDifaces in contact. ^ 

it, /* = = ; or, F = |!i R. ^ 




Limit iKQ Feictios. 



Static and Kinetic Friction. — It has been proved expcriiiien- 
taliy that the "limiting friction" between surfaces at rest 
wUtively to each other, is slightly different in magnitude fi-om 
liat between, the same surfaces when in motion. The former 
W been called Static Friction or Friction of Rest, whilst the 
Utter is called Kinetic Friction or Friction of Motion. 

Ordinaiy Law3 of Friction for Plane Surfaces, — In 17S5, 
Coulomb, a French officer, published the I'esulta of a series of 
wperiments carried out by him on the friction of plane surfaces. 
Thee results he embodied in the following statements, usually 
ailed the ordinary laws of friction : — 

Law I. — The friction between two bodies is directly propor- 
Vttail to the normal pressare between them. 

Iaw II.^ — The friction is independent of the areas of the 
ntfitces in contact. 

Law III. — Kinetic friction is less than static friction, and is 
independent of velocity.* 

It will at once bo seen, that these three laws may be com- 
priaed in the single statement that. The coefficient of friction 
depends only on the nature of the surfaces in contact. 
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Moria's Erperiment8.^CoulotQb'a esperimGnts were not con- 
sidered sufficiently extensive to thoroughly establish tho truth 
of the above so-called lawa. The whole subject has, however, 
been reinvestigated by several persons, notably by General Morin 
during the years 1831-3-i. The resulta of Morin'a experiments 
were, for a long time, regarded as conclusively establishing the 
above lawa. This was no doubt true within the limits of the 
pressures and the velocities he employed ; but, in some recent 
experiments, which have been carried out with much greater 
care and wider variationa, both in preasurea and velocitiea, tho 
lawa of Coulomb were found to be erroneous. The coefficients 
of friction, instead of being independent of preasnro and velocity, 
are shown to vary considerably with the pressure, velocity, and 
temperature. 

General Results of Recent Experiments on Frictioa of Plane 
Bnifacea. — (1) With dry surfaces the coefficient of friction inr 
'% with the intensity of the pressure. The highest pressure 
)yed by Morin was little more than 100 lbs. per square 
, and it ia juat about this presaure that deviation from 
Coulomb's law appears to begin. This increase in tho friction 
with high pressures is probably due to abrasion of the surfaces; 
but, when the same surfaces were well lubricated the reverse 
took place. 

(3) The lowest pressure employed by Morin was about \ lb. 
per square inch, but in recent experiments with preasurea lower 
than this, the coefficient of friction was found to increase as the 
pressure decreased. 

(3) "With high velocities the coefficient diminishes as tho 
velocity increases. These areaulta are only true with velocities 
greater than those employed by Morin.* With all velocities 
under 10 feet per second it has recently been found that the 
coefficient of friction ia r|uite independent of the speed. 

pimple Methods for Finding the CoefScients of Friction and 
Angles of Repose. — (1) Take two pieces of the materials to bo 
teated. Let one of these, AB, be shaped like a lath and laid on 
a table, while the other, CD, is made to slido on its upper surface 
as shown by the figure. The bodies are pressed together by a 
weight, W, which may be varied at pleasure. The reaction, R, 
between the two surfaces will be W + weight of block, C D. 
Now load the scale pan, S P, with small shot until the block, 
C D, moves freely along A B. Tho motion may require to be 
aided by a little tapping on the table, since static friction is 
greater than kinetic friction. The experiment should be re- 

■" 10 feet pec aoconl was tlic higheat velodty in Moria's experimenta. 



4 W 
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i COEFFICKNT OF FRICTION. 



peatedtwo 
motion, is i 



r three times, taking core that F, the force oaoaing 
1 than is necessary to just keep G D mo' ' 



LettJii 




1 



v-ni/om rate. Next remove 
LettJiia weight be P units.* 



THB COKTMCIBl'T OF FrICTIOS. 

P and weigh it carefully. 



The coefQcient of friction = 



(2) Incline the plane A B gradually until C D jnst begin 
slide downwards, the table being gently tapped to overcome 




FiSOIKG ASCLE OF ReFOSK. 

st^ friction. Let a he the angle which the plai 
"K^ra vfith the horizontal, then :— 

The coefficient of friction = ,ii = tan a. 
For, resolve W along A B and at right iingles to A 
TliB component along A B =• F = W sin ct, 
■ind the component at ) _ -r _ i v 
i^bt angles to A B, j" - -t^ - ^^ coa «. 

^ W sin a ^ 





"angle of 
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The angle a is called tlie "angh of repose" 
friction" for the materiala A B tind CD. 

Definition. ^ The angle of repose is the greatest angle at 
which a plane may he inclined to the horizon before a bodf i 
placed on it will begin to slide. 




The above diagram exhibita the " ang 
of the more common, materials, together 
coefE.cients of friction. 

Limiting Angle of Resistance. — If we attempt to push the 



block, C D, along A B by d 



' a sharp pointed rod inclined | 
to the vertical as shown; i 
then, it will be found that, 
however great the pressure 
exert-ed, no relative motion 
will take place unless the 
rod bo inclined to the ver- 
tical at an angle at least 
equal to the angle of repose. 
Thus, let p be the angle 
which the direction of the 
force, P, makes with the nor- 
mal reaction, R, when sliding is just about to take place. Resolve 
P parallel and perpendicular to AB, Then, clearly, the limiting 
friction, F, between A B and C D is equal to the component of P 
parallel to A B — i.e., F = P ain p. Also, the perpendicular 
pressure between the surfaces (neglecting the weight of CD) 
IB B. = F cos p. 




LiuiTih'o Angle of Besi^ascb, 



THE LIMITING ANGLE OF RESISTANCE. 
F P Sin p . 

ii = =■ = vi = tan », 

laTe just Been that /i. = tan a. 

ij, = tan If = tan «. Or, ^ = a. 



Hence, wlien a body is mude to slide along the surface c 
Mother, the direction of the total reaction makea an angle with 
their common norma! (at least) equal to the angle of repose. 
Thia angle is called the limiti7i(i angle of resistance and may be 
thus defined. 

DsFjNiTioN. —The limiting angle of resistance is the greatest 
angle which the total reaction between two aorfacea can make 
mth the normal hefore shding takes place. 

(3) Another method for finding the average coefficient of 
friction is the following :— 

Take a plane, A B, made of one sabstance and inclined at anjr 
Mgle, i (greater than the angle of repose). Allow a block of 
tte other suhstance to 
slide along a given length, 
BA, of the inclined plane, 
and note itg velocity when 
it reaches the point, A. 
Kelt calculate the vertical 
height, BE, corresponding 
to the length, B D, of the 
pW through which the 
body would require to 
>!ide in order to acquire , 
the game velocity as before, j 
if there was w> friction. 
To get this height, BE, let v be the actual velocity of the body 
't A. Then, neglecting friction, this velocity would be acquired, 
when the body reached the point D, such that : — 

v* = 2gx BE, .-. BE =~ 

Set off this distance along B C. Join A E. 

Then :— Average coeff. of frict. from B to A = T-p = t^*" 

I*t B C represent the total force, P, impelling the 
oowo, BA, against friction and generating the velocity, ' 

* See Conteuti foe Lecture on Motion. 
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B E will represent the force which goes to generate the velocity 
alone, since in, the second case the final velocity is the same 
as in the first and, by hypothesis, no frictional resistancea are 
overcome. Hence, the force which overcome 
will be represented by the difference betweei 
by EC. 

Now, we know that: — 

P : R = B C : A C. 

Hence, F:P:R-EC:EC 



''■ = Tr = 



EC 



K AC" 



<4 

kind I 



The chief difficulty in making an experiment of this kind 
would be in fioding the velocity, c, at A. It is much easier to 
find the time taken to move from B to A. Suppose this time to 
be fouttd. Lot it be, I, seconds. Then assuming the body to be 
uniformly accelerated, we get s — i i- (, or A B = i v (.* 
_ 3 AE 
" "" ( ■ 

Example I.— Let the plane, A E, be 10 feet long and inclined 
to the horizon at an angle of 30°, Suppose the time taken to 
slide from E to A to be 1^ seconds. Then the velocity at the 



foot of th 


pla 


ne is « = — 


r5^ = 


3 


feet per second. 




The height B E = 


ft = 


40 
3 

2 


40 
~32-2 


= 2-76 feet. 




Then, s 


iiLce 


angle BAG 


= 30° 




.BC 


= JAB=5 


feet 






CE 
AC 


= 5 - 


2-" 


6 = 2 


24 feet. 

:;' = Jib = 




AJeo. 


iB 


- B< 


S>6G 



i = tan^^EAC = 



EC _ 2-24 
AC" 8-66 " 



and this corresponds to an angle of friction of 15° nearly. 

This method of obtaining the coefficient of friction, althou^ 
both interesting and instructive, is, however, so complicated and 
attended with ao many difficulties that reliable results could not 
be obtained in a class-room or ordinary laboratory, 

EX.VMPLB II. — A plant of oak lies on a floor with a rope 
* See Lecture ot» Motion, *c., in this treatiae. 



EXAMPLE OX COEFFICIENT OF PRIOTIOS. 



attached to it. When the rope is pulled horizontally with 
force of 70 lbs. it jnat moves, but when pulled at an (vagle of 30 
to llifi floor a force of 60 lbs. moves it. What la the weight of 
the plank and the coefficietit of friction between it and the iloor) 



1 



[ 



—Let W denote the 



light of the plank in lbs., 
■fficient of friction between the 
floor and the plank, 
fi-ittiona in the two cases. 




Intlie second caae^ when P ia inclined at an angle of 30° to the 
floor, the reaction between the floor and the plank will be less 
tlian W by the vertical component of Pj . 

Rg = "W - P. Bin30°="W-60x^ = (W-30)lbs. 

p„ = /*, Ej = ^ (W - 30) lbs. 
But fJ = r^ COS 30° = 30 ^3 lbs. 
.■.(i(W-30) =30^3 (2) 

We have now obtained two equations, (1) and (2), containing 
le two unknoirn quantities, W and ft. By solving these equa- 
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From this example it appears that the pull, P (which is some- 
times caUcd the Iraetion), decreaseg as its direction becomes more 
inciiaed to the line of motion. Thus, when F is parallel to the 
floor, the pull required ia 70 lbs., but when inclined at an angle 
of 30° it ia only 60 lbs. It h also clear that P does not con- 
tinually decrea.^e as the anijh of traction increases. For, vhen 
P makes an angle of about 90° with the line of motion, the ten- 
dency of P is to lift W and not to move the body along the floor 
at all. Hence, there must be some definite angle for which the 
pull, P, will have its minimum value. 

The Beet Angle of PropuMon or Traction. — "We shall now 
show that the liest angle of propulsion or traction for given 
materials ia equal to their angle of repose. 




*'//////M W//////j^ '■Wm^^^^yTTTZ^y 



Tub Best Ancile □i' Propulsion oa Toaotion 



Let P make an angl 
be the angle of repose 




i, with the direction of motion, 
ir the two materials. Then ^ = 



Norvial 2iye»eure helween the bodies - 

Resiitance to motion ....-■ 

Force causing motion .... = P cos 6. 

P cos fl = /x (W ± P sin S) 

P (cos e ^ /J.aia.^ = IJ.W. 

* The sign ia + when P is puahing the body, as shown by tho left-hand 
figure ; and - when P is pullins; tho body, as shown by the rlRht-hand 
figare. Hence, throughout tho following investigation tho vpper sign will 
refer to the left-hand ngure and the lovar sign to tlia rigbt-bnad fignre. 



^ 
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He^, P . - , •^"■" , ■ , ... P . ^:^'^- (1) 

' COS COS o + sm S am a' coh (tf ± «) ^ ' 

Heuce, P will have ita minimtim value, for a given load, W, 

■when the fraction j^—r — , is a, viinimum. Now, the denomi- 

cciS {3 ± a) ' 

nator of this fraction is the only quantity which can he made to 
vary, since a, and therefore also, sin a is a constant (juantity 
for the same materials. Consequently, the fraction will he a 
tninimum when its denominator is a maximiim — i.e., when coa' 
{0 ± a) is a maximum. But ttie maximum value of a coaina is 
unity, and this occurs when the angle is 0. 

"When cos (^ ± a) = 1, fl ± a = 0, or tf = q: a.* 

Hence, the least push or pull required to move a load, "W, 
along a horizontal plane is, by equation (1), 

P = W Sin a 
and the direction of the push or pull ma1;es an angle a, equal 
to the angle of repose, with the horizontal plane. 

Example III. — A body weighing 200 lbs. is drawn along a. 
horizontal plane, hy a rope making an angle of 30° to the plane. 
Find the force necessary to move the body, supposing the co- 
efficient of friction to be -5. Find, also, the least force which 
would just suffice. 

Answer. — (1) Referring to the previous right-hand figure 
■weget:— 

P cos 30° = F = /i R = /* {W - P sin 30") 

P « -1(5 = -5 (201) - P X i} 



' 1-116 



. 89-6 lbs, 



•The upper or (-) sign, hero refers to the case wherein the body is 
han^ pushed, while the luwer or {+) sign refeca to the cose wherein the 
body IB being pulled. In the first case, we see that F will be a minimum 
whea B = - a, — i.e., when the force, P, is directed from below tipicaTda anil 
iodiiieil to the horizon at an angle, a, equal to the "angle of repose." 
Similarly, tho pull, P (right-hand Hgiire), will be a viiithnum when S— +0, 
~-i.«.. when P is direuCcd upwards and inclined to tlio liorizou at an 
aogle, a, eijual to the " angle of repose, "' 






a the Ixidy is, according 



P = Ws 



J I ^^^ J-l-25 
P = 200 >; -447 = 89-4 lbs. 

In this case the direction "of P makes an angle of 26 J° nearly J 
with the horizontal plane. , 

The student should now prove that the same holds true when 
a body ia pulled up aii inclined plane by a force, P, which makes 
an angle, 8, with the incline — viz., that the force will lie least i 
when e - a, the angle of repose. I 



LKOTtfaK V.^QuBsnoss. 

1. What ia Mction 1 State the ordinary laws of friction, and eipiiUB by 
aid of BlcetcbcB and concise deacriptious bow they may be proved experi- 
mentally. What ia meant by the " eoetlicieiit of frictiaD;" "angle of 
repose; " "angle of friction ;" and "limiting anyle of reeiBtance!" 

2. Define the coefficient of friction and the angle of friction. A weight 
of 500 lbs, is placed oo a table, and ia JHst made to slide by a horizontal 
poll of 155 Iba. Find the coefficient of friction, and the nmnljer of degrees 
in the angle of friction, by drawing it to scale. (S, ft A. Adv. Xueor, 
Meeha. Kjiam., 1880.) Ans. 031. 

3. The saddle of a lathe weighs 5 cwta,, and it is moved along the bed 
of the lathe by a raek and pinion arrangement. What force, iipplied at the 
end of a handle 10 incliea in length, will be jnat capable of movin? the 
laddle, auppoaing the pinion to have 12 teeth of Ij-inch pitch, nnd the 
coefficient of friction between the saddle and lathe-bed to be O'l, other 
friction being neglected ! Sketch the arrangenietit. (S. & A. Adv. Exam., 
ISei-) Ans. 13-36 Ihfl. 

i, A body weighing 50 lbs. is pulled along a rough horimntal plane by s 
EoTce whose line of action makea an angle of 45° with the pUne. If the 
'ioeffi<:ient of friction between the body and the piano be O'S, find tho 
magnitude of the pull and the pressure between the body and the plane. 
iiM. ll-781ba.; 41'»lbs. 

5. A body ia resting on a rough horizontal plane, and is acted on by a 
force whoae line of action is inclined 45° to the plane. The force is gradually 
mcresaed until the body is joat about to move ; find the ratio of tho force 
werted, to the weight of .the body, the coefficient of friction being 0'25. 
Am. s/2:5, or 1 : 3'5. 

fii A body lying on a roagh table can just he moved by a horizontal puil 
(ifEOlba.; but, when pulled at an angle of 30° to the horizon, the force 
wqnirediflfoundtobeonly ISlbs. Will you explain the reason for this 
^Bnence, and find the weight of the body and the ooelEcient of friction 
iMvcen it and the table ! Ane.il Iba. ; -49. 

7- A body weighing 100 Iba. ia drawn along a horizontal plane by a rope, 
nuUiig ID angle of Q^ with the plane. Find the force required, supposing 
tiie CDtlScient of friction to be 0'15. Find, also, the least force which would 
Wpnll the body along the plane, and the angle which its direction would 
"^ with the plane. An>. ]51be.; 14-75 lbs.; 8i°. 

^ A body of known weight ia placed on a rough hori;rontal plane and 
plQedut a certain direction. Find (1) the forco of the pull which will just 
""b the body slide, and (2) what must be the direction of the pull that it 
^bi the leaat that will make the body slide! Suppose that P is the 
^t pull as above determined, and that the body when pushed by a force, 
°1 (leling along the same line as that in which P acted), ia on the point 
^sliding, show that Ft (1 - ,u=) = P (H- ,.-), i. being the coefficient of 
"KlJiin, (S. & A. Adv. Theor. MecUs. Esam., 1887.) 

i- A fcffoe of 15 lbs. per ton of load, is required to maintain the motion 
ofa t^n on a level line. Determine the coefficient of friction between the 
™niig-wheBlB and ratla when an engine of 31) tons weight can just keep ii 

notjima train of 350 tons (including weight of engine). '''' '' 

'Iliultating the method employed by yuu in arii---"- 
^"i. 0-078. 
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LECTURE TI. 

CoHTiHTa.— Friction of Cylindrical Snrfacea— GenenJ Morin'a Expeiimenta 
— Him's Experiments— Prof. Thnraton'B EiperimenU— Prof, fleeiniiig 
Jenkia'a EnperimentB — Beauohanip Tower'a Eiperimenta on Jonrnala — 
Practical Exainplaa of Lubricating Jonrnala — EiperimBntB on Collar 
Friction — Friction of a Pivot Bearing— Keaulta of the Experiments- 
Friction of Kailway Brakea^Friction between Water and Bodies 
Wnvijig through it — Frictiooal Reaistanoe of a Ship Propelled through 
Sea Water — t-iamplea — Questions. 

FrictioE of Cylindrical Suriices. — In the preceding lecture we 
only dealt with the friction, of plane surfaces. It ia equally 
necessary, however, that the engineer should study the friction 
ofoyliadrical surfaces. With this object in view we shall give 
a brief suniniary of the results of the experimenta carried out 
by the principal authorities on this subject prior to the year 
18B3, and then state the conclusions arrived at by the "Research 
Committee on Friction," appointed by the " In.stitution of 
Meclianicol Engineers," which now constitute the standard and 
most reliable esperiments on this subject. 

General Morin'a E^eriments. — Morin also made experimenta 
on the friction of axles, and he arrived at the same general 
wnclnsiona as were explained in Lecture T. for plane surfaces ; 
tiie only difference being, in the values of the coefficients of 
friction. The diameters of hia journals reached a maximum of 
i inches, but the speeds never exceeded a sliding velocity of 
Onre than 30 feet per minute, and the pressures IGO lbs. per 
square inch of the nominal hearing surface. By nominal hearing 
Borfflce is meant, the projected area of the journal on a dia- 
nifltrical plane — i.e., on a plane containing the axis of the journal. 
Thns, let d denote the diameter and I the length of the journal 
m inches, then : — 

J!fominal bearing eur/ace = dl squore inches. 

If R be the total reaction or load in pounds, and 2' ^^^^ 
isteiuity of pressure, or the pressure in pounds per square inch 
wthe journal, then ; — 

R* 



K =pdl; c 



' dl 



\ 
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The values of /t in the ecjuiition F = /iR, as given by Morin, 
are: — for dry journals "IS to -25, for those greased and wet with 
water, '14 to "IS; intermittently lubricated, -07 to •12', and for 
continuous lubrication, -03 to 'OS. The friction was Jbund to be 
independent of the velocity and proportional to ilie load. The 
coefficient of friction thus depending only on the nature ef 
the bearing surfaces. In more recent experiments with cases 
approaching those which occur in actual practice, it has been, 
shown that the values of /i. arc much smaller than those given, 
by Morin, aild, further, that the friction is entirely dependent 
on the more or less thorough lubrication of the bearing. 

Him'B Experiments.* — In 1885, M. Him published the resolta 
of a long series of experiments, chiefly on lubricated journals. 
These results show, that instead of the coefficient of friction 
being a constant quantity for the same materials, it is more 
nearly proportional to the square root of the velocity of rubbing, 
V, and inversely proportional to the square root of the intensity 
of pressure, /J. 



Where c is a constant quantity found by esperiment. Hence, 
we see that the friction in those experiments varied directly as 
the square root of the load, area, and velocity. 

l'or,F = /^E = cy| >: ^ = ''^ji ^' R =cJ-Rdlv. 

Tl 

"For ordinary conditions of working the friction thus appears 
to have varied aa the square root of the velocity. The friction 
diminished as the temperature increased,+ and the best results 
were obtained after the lubricant bad been working for soma 
time between the surfaces. 

*Iol880, C. J. H. Woodbury, of ths Institute of TechnDlogy, Bo .._.. 
MiLBS., U.S.A., read ii paper before the American Society of Meuhuujcsl 
EngineerB (aee vol. i., p. 74, et teq.) on " MBaaurement of the Friction of 
Lubricating Oils," He atatas that hia experimenta proved that the co- 
efficient of friction varies in an inverse ratio with the presaure for h^h. 
^peed lightly -loaded spindles. Further, that the coefficient of friction at 
15(1° F. was about 76 per cent, leas than at 75° F.; and, therefore, mill 
owners shonld keep their mschinery warm in winter. 

t See a paper by M. O, Adolpbns Hirn, read before the SociltS Indiu- 
trielle de Mulbiiuie, June S8, I8S4. wliere water is used to control the' 
temperature of tbe bearing sorfacea of oil teatiui^ macbinea ; alfo, The 18M- 
Contor Lectures on " Friction," by Prof. Hele Shaw. 
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Prof. Thnrston'e Experimenta.* — Profosaor B. H. Thuratou, of 
TT.8.A., has oarried out a number of experiments to determine 
the effect of changes, not only in velocity, but also in pressure 
and t-eniperature, upon the frictiooal resJatiuice of lulii'ii'ated 
bearings. His conclusions are, that the coefficient at first dt;- 
creases, but after a certain point increases with the velocity ; 
the point of change varying with the pressure and tein|ierature. 
Very few details, however, are given of the way in which these 
experiments were carried out, and, consequently, wo cannot here 
enlarge further upon them. 

Prof. Fleeming Jenkin'a Experiments, t — A number of esperi- 
ments was carried out by Prof. Jenkin in connection with tho 
difference between Static Friction or the Friction of Rest iuid 
Dynamic Friction or the Friction of Motion. He experimented 
at extremely low velocities, and showed, that in certain cases, 
the coefficient of friction decreases gradually as the velocity 
increases, between speeds of '012 and '6 foot per minute, thus 
indicating the probability of a continuous rather thun a sudden 
change in the value of the coefficient of friction between the 
conditions of rest and motion. 

Beanchamp Tower's Experiments I — (1) Description of Machine. 
— In experimenting on the friction of lubricated bearings, and 
oa the value of different lubricants, one of the difficulties which 
is first met with is the want of a method of applying the lubri- 
cant, which can be relied upon as sufficiently uniform in its 
action. All the common methods of lubrication are so irregular 
in their action that the friction of a bearing often varies con- 
siderably. This variation, though small enough to be of no 
practical importance, and to pass unnoticed, in the working of 
an ordinary machine, would he large enough utterly to destroy 
the value of a set of esperiments, say, on the relative values of 
various lubricants ; for it would be impossible to know whether 
an observed variation was due to a difl'erence ii] the quality of 
the oil, or in its rate of application. The first problem, therc- 

* " BViction and Lnl^ricutiDn," p. 1S5. "Americaa ABEOciation for the 
idvuicementof Scienoe/'Aug. 1878, p, 61. " The Theory of the Financo of 
Lnhrication and on the ValuaCion of Lubricants by CoDBumers," "Frtttion 
mdLoBt Work m Machinery," N.Y., 1885, and on "Tlie Eeal Value of 
Inliricants, " Jany. 6th, 1885, see Trans. Am. Soc. Mtch. Hugs., vol xUi. 
Also see the 1891 voL for ''Special ExperimentB with LuhricantH," by 
B. J, E. Denton oFHobokin, N.J., U.S.A. Hk deals with the lubrication 
of steam cyliudeta and of joumala Bubjeoted to heavy preaanrea. 

f FroixeUingf of the Royal Society, 1877, p. 93. 

t By the kindness of the Council of the Institution of Mcchauical 
Engineera, London, the author is permitted to make the following extracts 
bait tbeii Proceedings and Report on Friction Experimenta, Nov. 18S3. 
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fore, wluch presented itself, in the present experiments, was to 
devise a method of lubrication such as would be perfectly uniform 
iu its action, and would form an easily reproducible standard 
with which to compare other methods. These conditions were 
best fulfilled by making the bearing run immersed in a bath of 
oil. By this method the bearing is always supplied with as 
much oil as it can possibly take ; so that it represents the most 
perfect lubrication possible, and is a good standard with which 
to compare other methods. It is at all times perfectly uniform 
in itfi action. It is very easily defined and reproduced ; and it 
also has the advantage that the temperature of the bearing can 
be easily regulated by gas jets under the Imth. Experiment 
showed that the bath need not be full ; the results obtained 
were the same when it was so nearly empty that the bottom 
of the journal only just touched the oU, 




Beaccuasip Tower's Appabatps tor Testing the Feictios 



The above figure represents the arrangements for conducting 
the experiments. The shaft, S, was of steel, 4 inches diameter 
and G inches long, with its axis horizontal and driven by a belt 
acting on a pulley keyed to its outer end, 

A gun-metal brass, B, embracing somewhat less than half 
the circumference of the journal, rested on its upper side. Ihe 
exact arc of contact of this brass was varied in the difiereat 
experiments. Besting on this brass was a cast-iron cap, * 
from which was hung by two bolts a cast-iron crosa-bM-, < 
carrying a knife-edge, K E. The exact distiince of this knife- 
edge below the centre of the journal was 5 inches. On this 
knife-edge was suspended the cradle which carried the weights, 
W, W, applied to the bearing. The cap, bolts, and cross-bar 
were put together in such a manner as to form a rigid frame, 
connecting the brass with the knife-edge. If there had been no 
friction l>etween the brass and the journal, the weight would 
2iave caused the knife-edge to hang perpendicularly below the 
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|»sis of the journal. Friction, howcTer, caused the journal to 
tend to carry the brass and the frame to which it was attached, 
round with it, until the line through the centre of journal and 
the knife-edge, made such an angle with the perpendicular, that 
the weight multiplied by the distance from the knife-edge 
to that perpendicular, offered an opposing 
momeTit just equal to the moment of fric- 

r = rndiua of the journal. 
I = distance of the knife- 
the perpendicular. 
V = the weight. 



And, 



o) = the moment of fricti 




The friction at the surface ) 
of the journal, j ' 



So that the coefficient of friction is indicated by I in terms of r, 
no matter what the weight is. As an example, suppose I was 
eqnal to r, the coefficient of friction would obviously be 1 ; or if 
I was ^'u of r, then the coefficient of friction would be -^g. 

In order to avoid the difficulty of determining accurately 
when the knife-edge was perpendicularly under the centre of 
thfl journal (a knowledge which was necessary in order to obtain 
a measurement of I, and which was very difficult to obtain owing 
to the considerable friction between the brass 
and the journal when at rest), each experiment 
^as tried with the journal revolving in both 
directions, and the sum of the values of I on 
both sides was measured ; and then the co- 
efficient of friction was indicated by the chord 
of the whole angle, included between the 
twi lines of inclination caused by the friction. 




"ith the rotation in the two directions, the 

fiord being expressed in terms of the diameter 

iif the journal (see figure). Each result ^ 

thus a mean of two experiments, one with 

t^ axle running in one direction, and the other with it running 

iQ the other direction. la order to read the value of the co- 
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efficients thus obtained, a light horizontal lever, L, was attaclied 
to the frame connecting the brass to the knife-edge. It was 
62 J inches long, or twelve and a-half times the distance between 
the centre of the journal and the knife-edge ; ao that, at the end 
of the lever, the chord indicating the coefficient of friction WM 
magnified twelve and a-half times. Aa a chord of 4 inches at 
the knife-edge represents a coefficient of 1, a chord of 50 inches 
at the end of the lever also represents a coefficient of 1, while 
5 inches represents a coefficient of -j'^, J-inch of ^^J;;, and g'g-inch 
of ji^(nj-- The position of the end of the lever during each ex- 
periment was recorded by a, trticing point, attached to the end of 
the lever, and marking on metallic paper carried upon a revol- 
ving vertical cylinder, F. The distance between the two lines 
obtained by running the axle both ways, when measured on 
the above scale, indicated the value of the coefficient. 

(2) Mel/tod of Experimenting. — Early in the experiments it 
was found, that immediately after the motion of the shaft was 
reversed, the friction was greater than it was when the shaft 
had been running in the same direction some time. This 
increase of friction, due to reversal, varied considerably. It 
was greatest with a new brass, and diminished as the brass 
became worn, so as to fit the journal more perfectly. Its great- 
est observed amount was at starting and was about twice the 
normal friction, and it gradually diminished until the normal 
friction was reached after about ten minutes continuous running. 
This increase of friction was accompanied by a strong tendency 
to heat and seize, even under a moderate load. In the case of 
one braes, which had worked for a considerable time without 
accident, and had consequently become worn BO as to fit the 
journal very accurately, this tendency to increase of friction 
after reversal almost entirely disappeared; and it could be 
reversed under a full load without appreciable increase of fi'iction 
or a tendency to heat or seize. The phenomenon must be due 
to the surface fibres of the metal, which have been for some time 
stroked in one direction, meeting point to point and interlocking 
when the motion is reversed. The very perfectly fitting brasa 
was probably entirely separated from the journal by a film of' 
oil ; and there being no metallic contact the phenomenon did ' 
not show itself. In consequence of the above facts, it was found 
necessary to proceed with the experiments in the following 
order. A complete series of experiments, with a gradually 
increasing load, was taken with the journal running in onft' 
direction; the load was then diminished by the same steps as it. 
had been increased, and the experiments thus repeated, thft' 
shaft still running in the same direction, until the load had thus- 
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been reduced to 100 lbs. per square iuchj which wiis the loiid 
dne to the unweigfited cradle. The direction of motion was 
a reversed, and the shaft run for half an hour, so as to get it 
thoroughly osed to going the other way ; after this the load 
could be increased and the experiments taken without any diffi- 
culty. The experiments, aa before, were taken at each step whilst 
both increasing and decreasing the load j so that each recorded 
rwult 13 really the mean of four experiments, which have in 
Dumy instoDces been taken several hours apart. 

This method of obtaining a direct indication of the coefficient 
offriction, by the angular displacement of the frame connecting 
^e brass and knife-edge, would undoubtedly have been the best 
kad the coefficient of friction been nearly as constant as it has 
hitherto been supposed to be. But as shown hy the results, the 
wefficieat of friction was found, instead of being constant, to 
vary nearly inversely as the load, and also to be much smaller in 
quantity than was expected; the consequence was, that with 
high loads the height of the diagram was very small. In the 
Mses where with the greatest loads, a coefficient of only -nrrnr ^'^^ 
observed, tho distance between the two lines was only -^^ inch. 

Owing to these experiments showing that the moment of 
friction was much more nearly constant than the coefficient, it 
»tis resolved to alter the method of observation, and to measure 
the moment directly, instead of the coefficient. For this purpose 
the paper cylinder was removed, -J 

wd a small lever, M (see accom- 
paoying figure), was connected to 
the main indicating lever in such 
» manner that the motion of the ;■:■■_ 

end of the main lever was magnified .' j \ 

fire times at the end of the small / jL \ 

lever. The end of the small lever . 4: '■ '■ ^^ 

Wtepointed; and when the machine secosi 

was working, this point was brought of i.ndex. 

Martly opposite a fixed mark by 

pntHng weights into a scale-pan on the end of the main lever. 
The main lever was so overbalanced that under all circumstances 
some weight was required to be added to the acale-pan, in order 
to bring the end of the small lever to the mark, even when, in 
addition to the friction being greatest, the direction of motion 
of the journal tended most to depress it. The method of run- 
DiDg in both directions, and loading and unloading, was followed 
s» before. The weights in the scale-pan being noted, the moment 
offriction was given by half the difference between the weights 
in the scale-pan, when running in one direction and in the other. 




80 LECTLT.E VI. 

The following tuble ia selected from those i^ecorded i 
Proceedings of (lie hislitution of Medianicai £ngineer» i 
example of the results obtained : — 
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N.B. — The hearing carried the G25 lbs. per sq. in. running botli wajx, 
but seized on the weight heing inereosed. 

Tha nominal load per sq. in. is tbe total load divided by 4 x 6. 

'Yhe actual load per aq, id. is the total load divided by 3^92 x 6. 

These qaantities were obtained by a direct load on the lever. 

This was a thinner sample of mineral oil than that used in the pravioUB 
experiments; it was fluid at 50°, while the oil previously used could only 
be described aa grease at 60°. This will account for these esperimentB 
showing leea friction than the former, except with the highest load, at 
which, the thin oil being overloaded and on the point of seizing, the Mctaon 
ia greater than with the thick oil. 
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Experiment showed that the friction vftried considerably witii 
temperature. All the oil-bath experiments were therefore taken 
at a nearly uniform temperature of 90"; the variation above or 
'jelow this temperature was never allowed to be more than H°. 

(3) Residu of Experimenta. — The results of the experiments 
are recorded in Tables I. to IS. in the Proceedings of the Inatitu- 
titm of Mec/ianical Engineers. The general results of the oil- 
bath experiments may be described as follows : — Tlie absolute 
Jrietion (that is the actual tangential force per sq. in. of bearing, 
required to resist the tendency of the braaa to go round with the 
journal) M nsarly a constant under all loads, within ordinary 
working limits. Most certainly it does not increase in direct 
proportion to the load, as it should do according to the ordinary 
theory of solid friction. The ordinary theory of solid friction is, 
that it varies in direct proportion to the load ; that it is inde- 
pandent of the extent of surface ; and that it tends to diminish 
with an increase of velocity beyond a certain limit. The theory 
of Uqaid friction, on the other hand, is, that it is independent of 
the pressure per unit of aurfuce, is directly dependent on the 
extent of aurface, and increases as the square of the velocity. 
The results of these experiments seem to show that the friction 
of a perfectly lubricated jouma! follows the laws of liquid friction 
much more closely than those of solid friction. They show that 
imder these circumstances the friction is nearly independent of 
the pressure per sq. in., and that it increases with the velocity, 
though at a rat« not nearly so rapid aa the square of the velocity. 
The experiments on friction at different temperatures indi- 
late a. very great diminution in the friction as the temperature 
rises. Thus, in the case of lai'd oil, taking a speed of 450 revolu- 
tions per minute, the coefficient of friction at a temperature of 
120° is only one-third of what it was at a temperature of 60°, 
' biteresting discoveiy was made when the oil-bath 

a were on the point of completion. The experiments 
Pcarried on were those on mineral oil; and the bearing 
g seized with 625 lbs. per aq. in., the brass was taken out 
aexamined, and the experiment repeated. While the brass 
*M oat, the opportunity was taken to drill a l-in. hole for an 
Ofdicary lubricator through the cast-iroa cap and the brass. On 
the machine being put together again and started with the oil 
in the bath, oil was observed to rise in the hole which had been 
drilled for the lubricator. The oil flowing over the top of the 
rap made a mesa, and an attempt was made to plug up the hole, 
first with a cork and then with a wooden plug. When the 
fflachine was started the plug was slowly forced out by the oil 
in a way which showed that it was acted on by a considerable 
fressure. A presaure-gauge was screwed into the hole, and on 
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the machine being started the pressure, as indicated by the 
gauge, gradually rose to above 200 Iba. per sq. in. The gauge 
was only graduated up to 200 lbs., and the pointer went beyond 
the highest graduation. The mean load on the horizontal section 
of the journal was only 100 lbs. per sq. in. This experiment 
.showed conclusively that the brass was actually floating on a 
film of oil, Hubject to a pressure due to the load. The pressure 
in the middle of the brass ivas thus more than double the mean 
pressure, No doubt if there had been a number of pressure- 
gauges connected to various parts of the brass, they would have 
shown that the pressure was highest in the middle, and dimin- 
ished to nothing towards the edges of the brass.* 

* Another set of experiments was afterwania made by Mr. Beanohamp 
Tower in order to iavestignte this point mora thoroughly. The results formed, 
tlie second report on Frictioii presented to the Institntjon of MeehonicaL 
Engineers in Jannary, 188B. This report cnnfirma the above statement. 
Small holes were bored in the brass bush, and a different ane of theaa hav- 
ing been coonected during eaoh test with a Bonrdon pressare gauge, and 
the bearing having then b«en immersed in an oil bath, tbe exact oil pressures 
at nine different points on tbe bearing were measured. The pressure was 
found to be greatest a little to the off side of the centre line of tlie bearing — 
i.e., to that side towards which the shaft turned, gradually falling to zero 
at eaeh edge. It was also found to be greatest in the middle of the length 
of the bearing. The total upward force of these recorded pressures was 
found to be witbin a few pounds of the actual total load on the bearing, 
thus showing that the toad w&s wholly supported by tbe film of oil which 
existed between tbe shaft and its brass bearing. Or, to quote Mr. Tower's 
own words, " It was possible to make the brass on a jounud work so nicely 
that there -was absolutely no metallic contact between the brass jonnuil 
and the brass, the whole of the weight being borne by the oil. It seemed 
to him that the important practical inference was, that it was actually 
possible so to I br'cate a bearmg that not only wonld metallic friction be 
altogether done away w th and thereby the amount of power lost by fric- 
t on bo reduced but metal] c wear and tear would also be done away with. 
Ho oull t b J tl at BUch a res It was actually possible in practice now; 
bat it was a-raoBonable one to aim at in 
mechanism. By giving a sufficiently pro- 
Qpp Qu fuse lubrication, and by having the brasses 

g,-, ^,_^ BO arranged, that there should be a uni- 

^" form preaaure all over their surface, it was 

^ . , ] is.siule to have wear and tear between 

^_ " I etal and oil, instead of between metal 

opt \ J OIL ud metal." 
£flTH BATH ^^ '^ ""^ generally recognised that the 
^ I acts as a lubricant by merely furnish- 
ing molecnles rolling in between the two 

. -^ surfaces, but unless these molecnles con be 

~ got in, there ia no possibility of the diininu- 

Jo 1 TH t on of friction. The accompanying figure 

si owe, in an exaggerated manner, what 
1 appen'i n tl c case of a ell luLricated jouiual when the brass is bored 
to a si bth 1 },cr rnd a than tbe shaft and the oil circulates freely, m 
shown by the small ai 



I 
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The esperimcnts with ordinary lubrication were begun with 
a needle lubricator, the hole from which penetrated to the centre 
of the brass. A groove in the middle of the braaa, and parallel 
to the axis of the journal, extended nearly to the ends of the 
bearing for distributing the oil {aee the flrat of the following 
three ligures). It was found, that with this arrangement, the 
bearing would not run cool when loaded with only 1(K) lbs. per 
sq. in. ; and tliat not a drop of oil would go down even when the 
needle-lubricator was removed and the hole filled completely 
with oil, thus giving a bead of 7 inches of oil to force it into 
the brass. It appeared as though the hole and groove, being in 
the centre of pressure of the braaa, allowed the supporting 
oil film to escape. This view waa confirmed by the following 
experiment : — The oU-hole being filled up to the top, the weight 
waa eased off the journal for an instant. This allowed the oil 
to sink down in the hole and lubricate the journal ; but imme- 
diately the load was again allowed to press oa the journal the 
oil rose in the hole to its former level, and the journal became 
dry, thus showing that this arrangement of hole and gi-oove, 
instead of being a means of lubricating the journal, was a most 
effectual one for collecting and remo^-ing all oil from it It 
should be mentioned that care waa taken t h mf th dg 
oE the groove, so as to prevent any scraping a t n bctw n th m 
and the journal 

Ab the centre of the brass was obviously th wro pi t 
introduce the oil, it was resolved to try tf mt d t tl 

sides. Accordingly the centre hole and g fill d p 

and two grooves were made. Theae groove w p Hit b 
axis of the journal, extending nearly to th A f h b a 
and were placed at equal distances on eith d f th nt 
they formed boundaries to an arc of contact th h rd f wh h 
™a 3i inches (aee the second of the following three figures), 
with this arrangement of groove the lubrication, appeared to be 
satisfactory, the oO going down into the journal and the bearing 
rnnniag cool. The bearing nevertheless seized with an actual 
load of only 380 lbs. per square inch. 

The arrangement of grooves waa then altered to that usual 
in locomotive axle-boxes (seethe third of the above three figures). 
The oil was introduced through two holes, one near each end 
of tJie brass, and each connected to a curved groove ; the two 
carved grooves nearly enclosing an oval-shaped space in the 
tsntre of the brass. At the same time the arc of contact waa 
fedaced till its chord was only 2i inches. This hruss refused to 
'aie ita oil or mn cool. It would sometimes run for a short 
Dine with an actual load of 178 lbs. per square inch, but rapidly 
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heated on the slightest increase of the load. The brass having 
been a good deal out about by altering and filling up grooves, 
it was considered desirable to have a new braas, and one was 
accordingly obtained. The ffrooves beiiig rnade exactly the iame 
as in the last experiment with t/ie old OTie, this brass seized with an 
acttial load of only about 200 lbs. per sqitare inch. The oil-box 
was completely cut away bo as to allow a freer current of air 
round the bearing, and the lubricator pipes were soldered into 
the brass. The wicks were taken out of thu lubi'ifiitors and the 




fl££m£ LUBRICATOR. 

TmiEE Methods 

ISDKX TO tARTS. 

O C repreaonts Oil cnpa. I O W represents Oil ways. 

B „ Braes beatings. S „ Shaft. 

OH ., OUholos. I 

lubricators filled full of oil, by which means oil was supplied to 
the brass under a full head of 9 inches ; and yet the oil refused 
to go down, and the underside of the journal felt perfectly dry to 
the hand, and speedily heated with a load of only 300 lbs. per 
square inch. 

The fact that this arrangement of grooves, which is found to 
answer in the axles of railway vehicles, was found to be perfectly 
useless in this apparatus, can only bo accounted for by the fact, 
that a railway axle has a continual end play while rnaoing, 
which prevents the brass from becoming the perfect oil-tight fit 
which it became in this apparatus. The attempts to make this 
arrangement of lubrication answer were not abandoned until 
after repeated trials. It now became clear tliat there was no 
vso in trying to introduce the oil directly to the part of the 
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brass against wbicb the pressure acted, and that the only way to 
proceed was to oil the lower side of the journal, and trust to the 
oil being carried round by the journal to the seat of the pressure. 
The grooves and holes ia the brass were accordingly filled 
up, and an oily pad, contained in a tin bos full of rape oil, was 
placed under the journal, so that the journal rubbed against it 
in turning. The pad was only supplied with oil by capillary 
attraction from the oil in the box, and the supply of oil to the 
journal was thus very small ; the oiiiness in fact was only just 
perceptible to the touch, but it was evenly and uniformly dis- 
tributed over the whole journal. The bearing fairly carried 
551 lbs. per square inch, and three observations were obtained 
with 582 lbs., but the bearing was on the point of seizing and 
did seiae after running a few minutes with this load. It will 
be observed that in this instance, the bearing seized with very 
nearly the same load as it did in the oil-bath experiment with 
rape oil 

These experiments with the oily pad show a nearer approach 
to the ordinarily received laws of solid friction than any of the 
others. The coefficient is approximately constant, and may be 
stated as about -j^ on an average. There does not in this case 
appear to be any well-defined variation of friction with variations 
uf speed, according to any regular law. 

Tlie results of the experiments with rape oil, fed by a syphon 
lubricator to side grooves, follow nearly the same law as the 
results obtained irom the oil-bath experiments, as far as the 
approximate constancy of the moment of friction is concerned ; 
hut the amount of the friction is about four times the amount in 
the oil-hath. 
The oil-bath probably represents the moat perfect lubrication 

Caihle, and the limit beyond which friction cannot be reduced 
, lubrication; and the experiments show that with speeds of 
irom 100 to 200 feet per minute, by properly proportioning the 
bearing-surface to tbe load, it is possible to reduce the coefficient 
•rf Motion as low aa j^'^j . A coefficient of yj^ is easily attainable, 
^d probably ia frequently attained in ordinary engine-bearings, 
in which the direction of the force is rapidly alternating and tbe 
oil given an opportunity to get between the surfaces, while the 
oiitution of the force in one direction is not sufficient to allow 
time for the oil-film to be squeezed out. Tbe extent to which 
the friction depends on the quantity of the lubrication is shown 
m a remarkable manner by the following table, which proves 
tliat the lubrication can be so diminished that the friction is 
Mven times greater than it was in the oil bath, and yet that the 
bearing will run without seizing : — 
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Observations on the behaviour of the apparatus gave reason 
to believe that with perfect lubrication the speed ot" miniinum 
friction was from 100 to 150 feet per minute; and that this 
speed of minimum friction tended to be higher with an increase 
of load, and also with less perfect lubrication. By. the speed of 
minimum friction ia meant, that speed in approaching which, 
from rest, the friction diminishes, and abova which the friction 



The foilowing table gives the means of the actual frictional 
resistances at the surface of the journal per square inch of bear- 
ing, at a speed of 300 revolutions per minute, with all nominal 
loads from 100 ibs. per square inch up to 310 Iba. per square inch. 

They also represent the relative thickness or body of the 
various oils, and (in their order, though perhaps not exactly , 
in their numerical proportions) their relative weight-carrying 
power. Thus sperm oU, which has the highest lubricating power, ^ 
has the least weight-carrying power; and though the best oil for i 
light loads, would be inferior to the thicker oils if heavy pressures 
or high temperatures were to be encountered, 

CoMPAiiiaos or the Fkiction with the Vaejoits Ltjbric^sts 
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Practical Examples of Lubricating Journals.— In the discussion 
which followed thB rpadinR of the foregoing report, a method of 
lubricating cr.ink-pius was mentioned which has proved auc- 
cesafuL 




Method or LcBnicAMNG Crask Pisa. 

ISDBK TO PAETS. 

iDt3 Cmnl; -shaft, I B R represents Braaa ring. I 
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OH 
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The oil from the oil cup, O 0, passes into the hollow brass 
ring at E, and is driven ontwarda by ccntrifugftl force to the 
point B, where it enters the oil way, O W. From thence it goes 
Dj tie radial oil holes, H, to form a film between the crank-pin, 
C P, and the surrounding brass huah of the connecting-rod end. 

In discussing the thii-d report, Mr. Daniel Adamsoo stated 
that his firm had adopted the method of cutting a fiat on th& 
Bhsfli for the whole length of the journal of about ^ inch wide 
for each inch in the diameter of the shaft up to 8-inch shafts 
aod rather less for larger oaeB. In the case of heavy horizontal 
shafts, such as those supporting large llywheels, this method 
vas found to effectually carry forward the oil into the beariog 
and thus produce smooth running. 

The two following figures show Messrs. J. Eagahaw ife Kon's 





self-oiling pedestal and swivel adjustable wall-bracket pedestal, 
which have been designed to minimise friction and the waste 

Another example, of the recent practice of lubricating several 
journals and slide blocks from one com- 
mon source of supply under pressure, 
ia furnisiied by Beilias' high-speed com- 
pound engines for the direct driving of 
dynamos. It will be observed fi'om the 
figure on the next page, that not only the 
main crank-shaft bearings, but also the 
crank-pins, slide-blocks, the upper ends 
of the connecting-rods, the piston-valve 
eccentric and its rod, are all supplied 
with oil from a small pump worked by 
the same eccentric which moves th^ 
piston valve. The oil is thereby forced 
through each bearing under a pressure 
of 10 lbs. per square inch, and ia again 
and again sent on its soothing mission 
for months at a time, without change 
or great loss in quantity. A heavy 
lubricating oil is used, and it always 
returns to the small pump through a 
filter which removes any grit which it may have picked up from 
the bearings. This is a very different state of matters from 
the old "travelling oil-can" system, when the quantity of oil 
applied and the times of application were as erratic aa the 
judgment of the attendant. 

Experiments on Collar Frictioa— Mr. Tower also carried out 
some experiments on the friction of a collar bearing, for the 
purpose of ascertaining the friction in such cases aa the thruafc- 
bearings of propeller shafts. The results of these experiments 
constituted the third report of the Research Committee on 
Friction presented to the Institution of Mechanical Engineers 
in May, 18S8. The collar or annular ring experimented with 
was made of mild steel, 12 inches inside and 14 inches outside 
diameter, and was pressed between two discs, the annular bearing 
surfaces of which were of gun-metal. Great difficulty was 
experienced with the lubrication, which waa effected by means 
of four diametrical grooves cut in the face of the ring, ^ of an 
inch wide and J of an inch long. From each of these, there 
extended in the direction of motion a shallow serpentine groove 
■^ of an inch wide and about 3J inches iii length. These grooves 
were each supplied by a separate pipe into which oil was dropped 



EXPERIMENTS OS COLLAR FRICTION. 



^HWfttvoir. The minimum amoimt of lubrication necessary 
p^vBnt excessive heating of the bearinj; varied from 60 to 
J drops of mineral oil per minute, aci:ording to the pressure 




i velocity of tho rubbing surfaces, but except witli small 
mrea, it was found impossible to keep the bearing cool 
ont water running over it. The pressure was varied feoia. 
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15 to 90 Iba. per square inch, while tho speeds ranged fraia 50 
to 130 revolutions per minute. The results of these esperiments 
seem to show, that (1) thia kind of bearing is evidently muck 
inferior to a cylindrical journal in its capability of carrying 
weight, in fact, 75 lbs, per square inch being.ihe maximum that 
could be safely borne at the highest, and 90 lbs. per square inch 
at the lowest speed; (2) the friction in thia case fbilows the law 
of solid friction much more nearly than that of liquids, or liquids 
and solids; (3) the coefficient of friction was independent of the 
speed but diminished slightly as the load was increased, and 
might be stated to be approximately "05 at .ft'lbs.pjier square 
inch, diminishing to -03.3 at 75 lbs. par square .Inch. By far the 
moat important factor, however, ia determining the friction was 
the rate of lubrication, in fact, it was concliisively shown that 
the presence of friction meant non-lubricatio'n. .The following 
table shows the coefficient of friction at the different pressures 

Friction of a Collak BEAKI^-G. 
{As Condensed by Pro/. UnwUfrom Mr. Tower's ExfierimenU.) 
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Mr. Thornycroft (tho torpedo boat builder) said, that ha 
imited the pressure on his thrust bearings to about 50 lbs. per 
square inch, and thus the limit of 70 to 80 Iba. arrived at by. 
these experiments, received confirmation from his extensive 
>ractical experionce of similar collar bearings. The pressure* 
which can, however, be thus carried, depend (1) on the' hardnesa 
and truth of the rubbing surfaces.* (2) On the freedom with 

• Thns. hardened ateel working in a dense cast-iron benring when WB 
ubricated ia uajutblc of withBtuiding a greater preisnie per ■qnaraiiut 
thiux anythiDj^ else. 
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■which the lubricant can get in lietweeu tlic rubijing surfaces, 
is is often aMsisted by dithering or trembling or alternate 
'pressure and relief, such ns takes place at the thrust block of a 
iBteamer. (3) Oo the facilities for dissipating the heat generated 
.through friction by admitting air freely to the bearing, sinco 
.the rate at which heat was generated constituted the true limit 
,tffl the load which a bearing will carry. 

Friction of a Pivot Bearing. — The experiments on this kind of 
bearing formed the fourth report of the Research Committee, 
irhidi was presented to the Institution of Mechanical Engineers 
in March, 1891. From the two following figures with index 




F represents Footatep. 
"" Eearing. 

Oil Preas. 

Plunger. 

Steel Centre. 

Lever Plate. 

to parts, and the following abbreviated description, the student 
will have no difficulty in comprehending how these important 
eiperiinents were carried out. The footstep, F, and its bearing, 
B, were flatxndedand of 3 inches diameter. They were presswl 
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together with a known force Viy the aid of a small hand oil pnrap 
The oil from this pump (which was fitted with an air-vessf' 
passed below the plunger, P, of the oil press, O P, and, at tl 
same time, it acted upon the top, T, of the vertical shaft, S, ' 
the lower end of which the footstep was fixed in the nianni 
shown by the smaller figure. The pressure of the oil tha 
supplied from the pump was indicated by the pressure gauge 
P G. Into the top of the plunger, P, there was inserted a pieo i|| 
of hard st«el having a conical centre or centre-pop, whereu jj 
rested a, hard steel centre, S C, screwed into the under side Oi 
the lever plate, L, which carried the bearing, B. 

A. small chain, 0, was fastened to this circular plate, L, b _ 
lay in the groove turned in its periphery. The other end of tli 
chain was so connected to a spring-balance (not shown) that an] 
tendency of the plat* to rotate (duo to the friction between th< 




Index to Parts. 

8 ropresents Shaft, I U representa Upright Oil Kpfc 

F „ Footstep. OC ,, Oil Chamber. 

B ,, Bearing. | „ Overflow Pipe. 

footstep and the bearing), stretched the balance and thereby ti 
frictional moment between the footstep and its bearing w 
measured in inch-pounds. The upright shaft, S, received mofi 
through the two bevel pinions, B P, a horizontal shaft and t 
driving pulley, DP, which was connected by a belt to a suital 
motor. The lubrication of the footstep and its bearing n 
carried out automatically ; for the arrangement shown in t 
annexed figure acted like an oil pump. The mineral oil fh 
the pipe, U, passed freely by gravity to the centre of the fo 
step, then radially along a diametrical groove, spirally over 
fiat surface, and finally it was forced up the sides of the bea) 
to the oi! chamber, C, from which it again passed to the pi] 
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, by the overflow, O. In fact, the faster the speed of rotation 
e quicker was the circulation of the oil.* 

ResultB of the Experiments. — A series of experiments was 
■at made with a steel footstep on a. manganese bronze bearing, 
speeds of 50, 128, 19i, 290, and 353 revolutions per minute 
th loads varying from 20 to 160 lbs. per square inch of the 
i surface. The manganese bronze bearing was then replaced 

one with a white metal bearing surface, and observations of 
) inctlon at the various loads were made at 128 revolutions 
r minute. The coefBcient of friction was obtained by dividing 
! readings of the spring balance as ascertained in inch-pounds 

the total load on the bearing, or from the formula ; — 



fi. = 



P ^ A' 



Where S = spring-balance reading in pounds. 
„ L = leverage of chain.f 
,, P = pressure on the gauge shown in pounds 

per square inch. 
„ A = area of bearing in square inches. 

From the results thus obtained, it was found that the coefficient 
friction was slightly larger with the white metal than with 
oganese bronze, but the difference was so small that the 
may be looked upon as identical. Since the friction was 
between oil and metal, instead of between inetal and 
it should be independent of the nature of the metal. 
, it may be urged that with a perfect system of lubrication, 
allied under pressure to a bearing by means of a force pump, 
»boiild not matter much of what material the bearing and 
■ \ or pivot are composed, so long as they are perfectly smooth 
tnie. An examination of the results (see the accompanying 
iflf curves) also show that the higher the speed the less the 
iicient of friction became — e.g., from "0196 with a load of 20 
per square inch at 50 revolutions per minute it fell to -0107 




N'Orthy of mention that two oppoeite riuiial grooveH were found 

Abetter than three or lour or any other mimber. 

'"^e true leverage of the chain is the actual leverage diviJed bv the 
rafiom the centre of the shsit to the centre of frictional resi 
u OEsnnied to be in this cose I inch from the ceutre of the 
le of frictional reaistonca being aaeumed to be 1 inch 

to oE the shaft, we have : ~ 



ttu moment of fciotional rosiatonce = S x L. 



the ebaft. I 

I from the ^fl 
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at 353 revolutions per minute wit!i the same load; and from' 
■0221 at 50 revolutions and 120 lbs. load to -0054 at 353 revola-' 
tions and the latter load. TJofortunately, v/e think it was not 
proved how much of this reduction of the coefficient was due ta 
increase of speed per m; or whether the lower coe£Scient couldl 
not have been got at the lower speeds if equally good lubrication' 
had been maintained. Some of this reduction at least (in thw 
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CUHVEH SliOWIKG RESULTS OP EsPKBIMKSTS ON PlVOT FgICMON.* 

absence of direct observation on the point) may be put down t» 
the better lubrication which the bearing or pivot automatically 
received at the higher speeds. Also, in actual practice, when-' 
ever dithering or trembling cornea into play, the lubricant geta' 
more readily between the surfaces and thus prodi 
thoroughly the effect of Uquid friction. 

In the discussion which took place on the above reports, it was- 
pointed out that the introduction of two or more loose, hardened,i 
steel washers between the bottom of the footstep and its bearing^, 
or lietween a collar and its bearing, enabled heavier loads to bfti 
carried than without them. A difference of opinion vraa ex-" 
pressed as to their precise action. We think, however, that' 
Mr. Tower's explanation was the best, viz. ; — that only one pair o(' 

■* It would have been better, if after markme the points Bhowing tl 
several observations, smootli curves had been ilmwn through the mei 
piffiitions. We have, liowever, reproduced the above figure direct from tl 
I'rocudinga of tkt Institution of ilechaiikal Eiiginetrt. 



TEICTION" OF RAILWAT 

tteae interposed discs ivere rubbing at one time, but when theWi 
became heated the smallest tendency to seize occosionetl more 
fnction between the working pair than between some other 
pair; consequently, these latter took np the work and thus tha 
work was alternately divided between tbe several pairs of discs, 
' ig time for each puir to cool before tliey again tome into 
sction. 

Experiments on the Friction of Railway Brakes.* — In 187S, 
Captain Douglas Galton and Mr. George Westinghouae carried 
out some careful experiments on the friction of railway brakes. 
The brake blocks were made of cast-iron and the wheels liad 
steel tyres. The pressure, and also the friction, between the 
brake blocks and peripheries of the wheels were automatically 
fMorded by means of hydraulic gauges. Two series of experi- 
ments were made; the first, to determine the coefficient of 
friction between the brake blocks and the tyres, which we shall 
term the "brake coefficient"; and the second, to determine the 
wdficient of friction between the wheels and the rails, when the 
fwinerwere "skidded," or prevented from rotating, which we shall 
lem the "rail coefficient" From these experiments, the brake 
coefficient was generally greater with low than with high speeda. 
Thus, immediately after the application of the brakes, the brake 
watfieient was O'lt! for a speed of 17 miles per hour, while at a 
speed of 47^ miles jwr hour, the coefficient was only 0'132. 
After the bi-akes had been on for 5 seconds the coefiicienta at 
a speeds were 0-157 and 0'07 respectively. When the 
bfttkea had l>een on for 15 seconds, the coefficients were further 
feducad to 0-1 1 and 0-055 respectively. Thus we see, that the 
hrake coefficient not only diminished as the speed iuci eased, but 
diminished the longer the broke bad been in contact with tho 
wheel. As the speed decreased, the friction between the wheel 
aaj the brake continued to increase, until it became equal to the 
friction between the wheel and tho rail. Then the wheel ceased 
to rotate and skidded along the rail. The " rail coefficient " was 
much lower than the "brake coefficient" and increased as the 
speed decreased. This increase was slow at first but increased 
greatly as the speed got less, until, when the carriage was about 
to atop, or just before skidding, it became even greatei' than tbe 
" brake coefficient." The rail coefficient was also found to be 
greater with steel tyres on iron rails at high speeds, than with 
««el tyres on steel rails, t 

' See Pror. Inst. M.E., June and Ortober, 1878. and April, 1S7B. 

tin IV.e Prartical Engineer for July 20, 180-1, p. 49, it ifl Btateil that 
>nft forged steel brake shoes have been proved to last mach looger, wear 
Uie wheelB le£g, mill to be quite as effective as c^tst-iron. 
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Friction between Water and Bodies Moving tlirongli it.* — . 
Tlie frictional resistance between water and bodies passing 
through it has been investigated by Col. Beaufoy in a meuior- 
able series of experiments carried out in tlie Greenland Dock, 
near London, early in this century, and more recently by 
Dr. William Froude at Chelston Cross, and by Dr. Tideman 
at Amsterdam, 

Dr. Fronde's experiments, being the most th gh a d 
elusive, and those most commonly referred to tii al ulat ns 
involved in the resistance of ships, we shall b liy d nbo 
them, as well as give a few of his results. 

They were made in a still water tank 278 f t 1 36 f et 
wide, and 8 feet 9 inches deep. 

Tho surfaces experimented upon were wood n pi nk — g- ch 
thick, varying from 1 foot to 50 feet long, hav n b tl bow and 
stern sharpened so as to eliminate resistance th tha fric- 
tional. These planks (with their upper edge 1^ hea bt 
the water level) were suspended from a carefuUy Balanced frame- 
work (free to swing without friction fore and aft) attached to a 
dynamometrie truck (set in motion by an endless steel rope) o 
rails fixed over the tank and running its entire length. The 
resistance of the specimen was communicated through a spiral 
spring to a lever, actuating a pen which recorded the tension on 
a cylinder revolving synchronously with the wheels of the truck. 
The time was separately registered by means of a pen connected 
with a, chronometer. 

Dr. Froude set himself to determine ; — 

1. The law of the variation of the resistance in terms of the 
velocity, 

2. The law of the variation of the resistance in terms of the 
length of surface. 

3. Variations of resistance with varying qualities of surfiice. 
The second of these problems requires a word of explanation. 

Whereas, with short lengths, the resistance varied sensibly as the 
squares of the velocities, the rate of variation was found to fall 
continuously as the lengths were increased, until it became as 
low as the 1 '83 power of the velocities with a specimen of 50 feet» 
which was the greatest length experimented upon. Dr. Froud© 
has pointed out, that the cause of this diminution is to be sought 
in the effect of the forward motion, imparted by the friction of 
the surface to the stream lines in contact with it, or nearest to it. 
These stream lines have consequently a lower velocity, relatively 
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to the specimen being towed past them, than the undisturbed 

The law of variation in terms of length of surface has not yet 
been aatisfactorily investigated for lengths beyond 50 feet, and 
further experiments are very desirable. 

The foregoing table sums up the results of these frictional 
esperimenta. The columns A, B, and C respectively refer to: — 

A- The power of the velocity, to which the resistance is 
sensibly proportional. 

B. Resistance in pounds per square foot of aur&ce taken as a 
mean resistance over the whole length. 

C. Resistance per square foot t^en at the specified distances 
abail the cut water which are given at the head of the 
columns. 

The resistances in this Table are those due to a velocity of 
600 feet per minute. 

The foUowing table is deduced from these experiments and 
is in a form suitable for the Naval Architect : — 

TABLE n. 



lADgthOt 

VasBKl or 


Coeaclentof 


aocordlni 
towhloS 
Fiictiod 


Length ol 
VeSel or 

Feat. 


SSI" 


Friction 
VMlet 


^ 


« 


l» 


n 


8 
9 
10 

11 

16 
18 
20 
25 
30 
35 
40 
45 

eo 

60 

70 


■01197 
■01177 
■01161 
■01131 
■01106 
■01086 
■01069 
■01055 
■01029 
■01010 
■00993 
■00981 
•00971 
■00963 
■00950 
■009*0 


!■ 


25 


80 
90 

100 
120 
140 
160 
180 
200 
250 
300 
350 
400 
450 
500 
S50 
600 


■00033 

■00928 
■00923 
■00916 
•00911 
■00907 
■00904 
■00902 
■0OS97 
■00892 
■00889 
■00886 
■00883 
■00680 
•00877 
■00874 


1^8Z5 



FBICTIONAL RESISTANCE OF WATER. 

Frictional Resistance of a Ship Propelled through Sea Water.— 
L The fnctioDa.1 resiatacce of a ship ie readily calculated f 
I Table II. by the formula ; — 
I B = /i S V" 

I Where, B. = Kflsistance in pounds. 

ft, = Coefficient of friction. 

S = Wetted surface in square feet 

V = Velocity in knots. 

n = The power according to which friction varies. 

The total resistance of a ship when propelled through water ia i 
wmpoaed of ;^ 

1. Frictional resistance. 
3. Eddy-making resistance. 
3. Wave-making resistance, 

Tke total resisiaTice of a model is measured by a dynamometric 
apparatus identical with that described above. From it, the 
frictional resistance calculated from the table is deducted and 
the balance is the eddy-making and wave-making resistance {or 
fesidunry resistance). The calculation of the residuary resistance 
of an actual ship from that of a model follows what is called 
Froade's Law of Comparison, which, briefly stated, ia : — 

If the linear dimensions of a ship are X times those of its 
model, and if, at the velocities v^, -o.^, v^ . . . of the model 
in water, the resistances are i-j, r,^ r^ . . . then the resistances 
B,, Rj, Rg ■ ■ ■ of the ship, at the velocities Vj, V^, V^ . . . 
(which are roHpectively equal to v^ s/^'i Vj V^; VgV ^ ■ ■ ■) "i1 

EiAMPLB.— Applying the foregoing to the following case : — 
Model 10 ft. long ; 1-194 fl. broad ; 0-555 ft. draught of water. 
Ship 360 „ ; 43 „ ; 20 „ „ 

X = 36 ; J^ = 6 ; >? = 46,656. 
^d/xlalioii of Frictional Resistance: — 
/* = -00888 (from Table H.) 
= 24,500 square feet. 
^ 12 knots. 
= 93-319. 
R = /*S V'*^ = 20,280-7 lbs. = 9'053 tons. 

9902 
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Residuary SAip Resistance. — If at a velocity of 3'378 feet per 
aecond (equal to 2 knots) the tank trial of the model gives a 
residuary resistance r = '23 lb., the corresponding speed of the 
ship will be : — 

V V^ = S'SrS X 6 = 20-268 feet per second. [I 

„ „ = 1216 feet per minuta I 

„ „ = 12 knots. } 

■• that Telod^ 

X'r = 46,656 x -23 = 10,731 lbs. = 4-79 tons. 
Total Ship Resistance :~~ 

Frictional resistance (as above) = 9-053 tona. 

Residuary resistance ( » ) = 4-790 „ 

Total resistance = 13-843 „ 

Reducing this to horse-power it becomes ; — 



And, with a propulsive co- 1 _ 
fifBcient of -5 or 60 per ceat./ ~ 



22BS-2 Indicated Horse-power. 
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The calculation may, otherwise, be made directly from the 
total resistance of the model, correcting for surface friction by 
the method elaborated by Mr. B. E. Froude in his paper read 
before the Institute of Naval Architects in 1888. 

The above diagram shows the results of a similar calculation 
in graphic form. This figure is reproduced from an actual 
diagram worked out ftom a tank tidal where X (or the linear 
ratio of dimensions between ship and model) was equal to 28. 



LECtCKa VL— QImmo.^8. 

UiT« a oateiaa aocooBt ol Genentl Morin'a, Hiis's, and Thnratfni'r 
., .[iniuat* aa friction, uhI expUin wbertiii tbeir ixinclaEiooB fell short 
i4 thti I'MultK arrirad U by the I&stitDtioD of Uectuuiol Engineera. 

'.'. Oitn ^ui ^uwoudC of mme enierimenta on tbe Mction of a veU 
luUiii;4iL<;>l JnuriuU, aiu) sb(e what hsa been ascertained as to the msgni- 
t.uili' \'i l.lw fFiotion luvier Tuying loads, temperature, and velocity. Also 
xiuli' uti»l \uu kitow aa to the intensity of the pmaore at different points 
.11 til.- It^uuig BurfacB. (S, * A. Msch. Const. Hona. Eiam., 18851. 

3. t.iiM] Ui4 raaults of some eij-erimentB which hare been made to 
'UUiciuuiv Ute outAciant of frictiou in a well labricaied bearing, and the 
)(i'aate«t prwtiu« to wbieh the bearing niay be sBbjected. State also at 
whftt portion of ttw imriaiea of the bearing the Inbricant should be ititro- 
duwd, DtiKtibe and gi*e a sketch of the construction of a bearing fur a 
dujt which is toqnirad I« mn at a. very high speed, assniuing that the 
revolving parta vaunot be perfectly balanced. (S. i A. Mach. Const. 
Hoiw. Kxam., 1890|. 

4. l)Mifribe and sketch any form of roacliiae for meaanring the friction 
oi lulivioated journals. Show bow you woaJd dedoce Imm it the co- 
efflcient of friction. (C. &G. of L. Mech. Eng. Hods. Eiam., 1S92}. 

(L Ctlvu m short account of Mr. Beanchamp Towers experiments and 
nssultH ou the friction of collar bearingE. 

G. >1(kle what yon know ahont the friction of pirot bearings. Sketch 
HUil ilcsufibo any apparatus which has been used for detennining the same. 

7. What is your idea of the most perfect Bystem of lubricating engine 
bcaiiotis - (live reasons for your answer, with sketches. 

8. State what you know about the friction between railway carriage 
wheels iLDlt thdir braktu and the permanent way rails. 

9. Ilow U tbti frictioual reaistance between a moving ship and sea wat«r 
detenniuedl What is meant by residuary and total ship resistaocet 
Work out on original eiample to determine the effective horae-powar 
fequirud to propel a ship 41X1 feet long, 50 feet brood, and 25 feet draught , 
tt IS knots, ■v"^"'"'"j; the oonstsuta, sc, given in the lecture. 
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CoNTSUTS.— Calculation of Work Lost by Friction in Journals— Example 
I,— Corrections for Twisting Moment on Crank Shaft ot Engine — 
Rolling Friction — TrsMjtive Focob— An ti- Friction Wheels— Friction of , 
Flat Pivots and Collar Bearings — Friction of Conioal Pivots — j 
ExaiQpIea II. and III. — Schiele's Anti-Friction Pivot — Friational 
ReaistanCD between a Belt or Rope and a Flat FulIey^Example IV. — ' 
Resistance to Slipping of a Rope on a Grooved Pulley— Questions. 

Calculation of Work Loat by Friction in Journals.— If CoulomVa 

laws of friction be applied to the case of cylindrical surfaces, 
then the frictional resistance to rotation of a cylindrical jouraal 
in its bearing (measured along ita tangent to the surfaces in con- ! 
tact) would be r = /iB; where, R ia the total normal preaauro ( 
acting on the journal. This would probably be the case if the I 
journal and it( bearing were in contact along a very narrow 
longitudinal area paraUel 
to the aTtis of the journal. 
If, however, the journal 
and bearing are well worn 
and a good fit, then con- 
tact will take place over 
a considerable area, and i 
the distribution of prea- 
sure will vary from point 
to point. 

Suppose we consider a 

well fitting horizontal 

cylindrical journal and ita 

bearing, acted on by vertical forces, the resultant of which is R. 

TiBtp = intensity of the normal pressure on any longitudinal 

area — for example, a b. 

„ y = the friction along the narrow longitudinal area at a i. 




Friction or JotrnwAta. 



= the length of the journal. 
Then, p li ab x I = Total normal pressure on the a 
Resolving vertically, we get :- 

K = 2 (p cos fl X a 6 X 0- 
Or, E = i 2 (p cos fl X a 6) 



re on the area ab. I 



ip 



WORK LOST BY FRICTION IN JOURNALS. lO& 

If, /L = Coefficientof friction between the journal audits 

bearing. 
And, F = Total friction over the whole bearing. 
Then, F = 2/= /i?Sp X ofi (2) 

If we knew the law according to which p varies from point to 
poiat, it would be an easj matter to calculate the frictional 
leaisbmce in this case. When the journal and its bearing are 
well worn and a good fit, we may assume that the intensity of 
pressure at any point will vary as the vertical distance of the 
point below the diameter A B : — 

ia, POLO'S. 

Bui this is the same law as that which would be followed by 
I heavy liquid enclosed in the aemi^cylindrical apace A C B, the 
total weight of the liquid being R. 

We know, that in such a case, the total normal pressure on 
fiifl cylindrical surface A C B, would be = area of surface A C B 
X ^Ut of e.g. of surface below A B x weigH of a cubic unit 

hit, d = diameter of journal. 

Then, Area of semi-cylindrical t 

surface ACS f ' 

And, Depth of e.g. of surface below A B = k = -. 

ire to find the weight of a cubic unit of the 
lietical liquid in A £. 

= weight of a cubic unit. 



Vol. qf iemi-ctf Under A B x to = 

Or, w = 

Hence, The total, normal pressure \ _ 
over tcliole surface A C B j " 



= A = ^vdl. 



Sp xa6=iW;.-: x—^ 
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£ut from Equation (2) 
Hence, 



4 4 



The frictional moment, M = F ' 



Work lost in friction in one 
turn of jonrnal 



1= M 



2^ = id/^ 



(I> 



ThJa result is only true on the assumption that the normal 
pressure varies as the depth of the point l>elow AB, and since 
the surfaces are cylindrical, it is doubtful if /a has the same value 
as in the case of plane surfaces. 

If the bearing be so well worn that its radius of curvature is 
slightly greater than that of the journal, we may suppose con- 
tact to occur along a narrow longitudinal area paraUel to the 
axis of the journal. This state of afiairs is shown in an ex- 
aggerated manner, by the annexed figure. The small area on 
which the journal bears, is not situated exactly at C (the lowest 
part of the bearing), but 
at or near D, such that 
the ^ D = p, the 
" angle of friction." Thia- 
is due to the shaft tend- 
ing to climb out of it» 
bearing. When the 
cliuation of the surfacea- 
in contact is equal to the 
angle of Action, then slip- 
ping takes place. This 
occurs when the shaft bears 
at D, since the tangent 
plane at that place ia in- 
clined at an angle, p, to 
the horizon. 

shaft, which for the 




Woes Jodrnal, 



Let R = Resultant force acting 
present may be supposed to act vertically downwards through 
the centre of the shaft. At D, introduce a force equal, parallel, 
and opposite in direction to E. Then this is the resultant 
reaction (t-e., the resultant of the n&nnal reaction and friction) 
at the point D. Through O, draw the common perpendicular 
Oi, to the forces E. Then those two forces form a coupl^ 
whose moment = Ex Ob. This frictional moment resiste ti». 
rotation of tho shaft. 



i;'< .^ 



WORK LOST BY FlilCTION IN JOURNALS, 

M = R « O 6. 

O 6 = D sin p = ^ ain ? 



Work lost in fdction in ) 
one torn of jouraal / 



n >. -2^ = E^rfsi 



(n.) 



Vl + tan»^ 



For well lubricated journals p is v 
MTOine that sin p = tan a = ^. 
Then, Work lost in friction in ( 

one turn of journal j ~ 



y atiiall, ao that « 



For practical purposes it ia more convenient to use formula 
(Hi) than ( I) or (lla), rememliering that /i is a special coefficient 
Iiff journals, to be determined by eiperimeut. 

We have seen, that the resultant reaction of the bearing at D 
is fi and acta vertically upward. This reaction ia tangential to 
1 amall circle, a b, which can be described about O, and is spoken 
rfaa the "friction circle." Let dj be the diameter of the friction 
drde. 



Then, 



Ex" 



M = ^rf/iH. 

d, = /^d (Ill) 

ie., Diameter of friction circle = » -x diameter of jonmaL 

Hence, in cases of journal friction it is often convenient to 
draw the friction circle, and then the direction of the resultant 
reacUon of the bearing may be easily determined. This resultant 
reaction is always a tangent to ihe friction circle. 

If the bearing has a cover, the resultant force, E, must be 
increased by the tension in the bolts holding down tbe cover 
when calculating M. 

(IxAUPLK I. — A horizontal shaft, 4 inches in diameter, resting 
in bearings at its ends, transmits power to various macliines by 
Hieana of belts passing over pulleys keyed to the shaft. The 
tension in tbe belts causes a horizontiil force of 1,500 lbs., and 
a vertical downward force of 500 lbs. in a plane at right anglei ( 
to the shaft. Tbe weight of the shaft and puUeya is \ft c'w'ui. 
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CoeScient of fiiction between the shaft and its bearings is 0-07. 
Find the horse-power lost in friction, the shaft making 100 
revolutions per minute. 

Answbr. — The forces acting on the shaft are (1) a horizontal 
force of 1,500 lbs. ; (2) a vertical force of 500 + 10 x 1 1 2 = 1,630 Iba. 
Since these forces act at right angles to each other, the resultant 
presflure on the bearings will be; — 

~ ~ 2207-8 lbs. 



^r=1500 lbs. 




Forces Actinq on a Shaft. 

Each bearing may or may not sustain equal shares of this 
resultant load. This will depend on the arrangement of the 
pulleys on the shaft. Nevertheless, we may consider only one 
bearing of the shaft, and suppose the resultant load on this 
bearing to be E = 2207-8 lbs. Hence, from the formula already 
obtained, we get ; — 

Work lost in/riclion in 1 j t> 

onetwmo/Bhaft | = '^^Z'^- 

.*. H.F. lOBt in Mction 



33,000 ■ 



^ X .-^ >! 100 X -07 >: 2207-8 



= -49. 

ConecUons for Twisting Moment on Crank Shaft of Engine.— 
Let O C be the crank, and H C the connecting-rod of an ordinary 
direct acting engine. Let P = total effective pressure on cross- 
bead pin at H. Then, it is shown in the author's Text-Book on 



TWISTING MOMENT ON A CHANK SHAFT. 



10& 



9, p. 158, thab the twisting moment on the crank 
shaft at O ia P x O V ; where V ia the point of intersection of 
the centre line of the connecting-rod with the line through O per- 
pendicular to centre line, H B, of the engine. This method of 
calculating the twisting moment at any point of the stroke is 
adopted when we wish to neglect the friction of the journals 
at H, C, and 0. We shall now determine the effect on the 
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twisting moment when the friction of the journals is taken 
into account. 

Draw the friction circles for the journals at H, C, and 0, as- 
described above.* 

Then the resultant pressure on a bearing must he tangential 
to its friction circle, Therefore, the thrust, Q, along the con- 
necting-rod must be tangential to the friction circle at H, 
and also to the friction circle at C. If the student considers 
the direction of motion at H and C, he will observe, that the 
line of thrust ^which is a common tangent to the circles at 
H and C) must oe drawn as shown. Thus, the thrust is actually 
along K D instead of H V, This takes friction into account so 
far as the crosshead and crank-pin bearings are concerned. 

Let W represent the total vertical load on the crank-shaft, 
including the weight of the shaft itself. The crank-shaft is then 
acted on by two forces, Qj and W, as shown, Qj being equal and 
parallel to Q along K D. The resultant of these two forces is R, 
and the reaction of the bearing, which is also R, acts in the 
direction, G E, parallel to O E, and tangential to the friction 
circle at O. 



■^ 
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Let G B cat V at the point E. Then :— 

Effective twisting moment oq crank shaft = P x £ D. 
For, from what has been already said: — 

TtciHing moment due to thrutt Q along K D = P x O D. 
Where P ia the horizontal component of Q, or, what ia the 
■Bme thing, P is the total pressure acting on the piston. 

Similarly, since the horizontal component of R = horizontal 
component of Q = P. 

.*, The redialing momsTit due to B along G K « = P x O E.* 
j. - P(OD - OE) = P X ED. (IV) 

It is evident, that as D approaches E, the effective twisting 
moment OD the cranl< shaft diminishes, until when t) coincides 
with E there will be no effective moment acting on the crank. 
This will occur at four positions of the crani ; two on either side 
of centre line of the engine. The angle which the crank makes 
with the centre line of the engine when D coincides with E, 
in culled the "dead angle," and when the crank lies within this 
ajij^le (on either side of engine centre line), no pressure, however 
great, applied to the piston will move the engine. If the position 
of the crank had been taken in any other quadrant, say, in the 
f|Uttdront VOB, then the direction of the thrust Qj would he 
Hucli that "K D, the common tangent to the friction circles at H 
and C, would he drawn below the centre line H C. The direction 
of the common tangent H D should, however, present no diffi- 
culty if the student only pays attention to the direction of 
rolJitiou of the journal in its bearing. 

Rolling Friction. — The resistance which is experienced when 
a wheel or cylinder is rolled along a rough horizontal plane is 
'Called Rolling Resistance, or Rolling Friction. This resistance 
ii in general much leas than sliding friction. It depends on the 
rndiuN and breadth of the wheel and also on the nature of the 
■urfiiue over which the wheel rolls. It is found by experiment, 
that the resistance to rolling on a horizontal plane is expressed 
by a formula of the form 



The tlimat H along EB is in a aiinilar condition to the tlirast Q alons 



K D • that is to Bay, the friction circle at can be looked upon 
■crank-pin circle and E E the direction of thmst of the connecting-Kid. 
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ROLLING FRICTION. Ill 

Vbere, P = Pull required to overcome the resistance (as 

measured b; a horizontal force at the axis of 

the rolling body), 
„ W = Total weight of the rolling body. 
„ r = Eadius of rolling body. 
„ e ■= Constant length measured in the same units as r 

(depending on the nature of the aur&ces in 

contact). 

We ean best explain the nature of this resistance, and how the 
shove formula is obtained, by conaidering the case of a cylinder 
or broad wheel rolling along an ordinary road. In auch a case, 
tie wheel sinks into the 
gtoand and leaves a rut 
ilong its course. The depth 
of this rut will depend on 
(he total weight, W, on the 
»heel, the radius, r, and 
ibe Boftnesa of the ground. 
The result of the sinking ■ 

is, that the force, P, applied <''yy///////^ 
W C is employed in con- 
tinmlly drawing the wheel 
orar an obstacle at O, in 
front of the wheel. 

Let the height of this 
obatacle (or, what is thi 
BA = V ■" • • 
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thing, the depth of the i 
Then^ by taking moments about O, we get : — 



( O D = W X O B, 



Pat O B = c. Then, since 
pwed with r, we may negle 
righthaud side of the equatio 



k will, in general, be small com- 
it it in the denominator 
I, and write 



It) be 

I 

com- ■ 



Hence, we see where the constant c comes from, and why it 
> ■ ieagO^ of the same units as r. 
SVom the results of the few experiments which have been 
I out^on rolling resistance on ordinary roads and rails, the 




I 
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above formula appears to hold good, and c is found to be inde- 
pendent of r. Thus, when r is expressed in incites, c may be I 
taken at from '02 inch to '025 inch for iron wheels aod rails; j 
■06 inch to '1 inch for iron wheels on wood, the lower values 
being taken for the harder wooda. For carriage wheels on good i 
macadamised roads o may be taken at '5 inch ; but this value > 
will vary considerably with the nature of the ground, being aa ] 
high as 3 inahes or even 5 inches with soft ground. ] 

If the surface over which the wheel rolls be very soft and I 
elastic the expression for the resistance is more complex and is ' 
very difficult of explanation. Take, for example, the case of a ! 
wheel rolling along a thick sheet of india-rubber. In such a, < 
case the rubber will take ] 
the form shown by I 



^ . _ . "P 

both in front of and he- 
hind the wheel. When 
the wheel moves it tends 
to surmount and compress 
the rubber in front at S. 
But the rubber at B tends, 
to avoid this compression, 
and, a.s a consequence 
heaps itself up in front 
as shown. During the ao- 1 
tion, the rubber " creeps " 
over the surface of the wheel at B, and in doing so, a frictional 
resistance, Fj, is set up which opposes the onward motion of the 
wheel. Again, as the wheel moves onward, the heaped-up 
rubber in the rear at D tends to regain its normal state of flat- 
ness of surface, and in doing so creeps down the surface of the 
wheel introducing a frictional resistance, F^, in the direotioa 
shown, which resistance also opposes the progress of the wheel 
Thus the wheel is retarded by the two frictional resistances, 
Fj^ and F^, in addition to the other force necessary to overcome 
the obstacle in front, as explained in the case of the wheel' on 
ordinary ground. 

Tractive Force. — By tractive force or traction is meant the 
effort necessary to draw a carriage or train along a level road 
or rail against the total frictional resistances. This total resist- 
ance includes axle and rolling frictions, the friction between 
the flanges of the wheels and the raOs and the resistance of the. 

The following table gives the tractive force in lbs. per ton for 




different roads : — 



' Paved 



A NTI- FRICTION WHEELS. 



Tractive Fobob ro& DirrERKHT RoACi 



Paved roads, 33 Iba. per t 

MacadamiEed roadit, . . , . 44 to 67 „ „ 

Gravel roaiis 140 ,, 150 „ ,, 

Common earth riwulB, . . . 200 „ 250 „ „ 

Boitway train B (inoving bIowIj], , . 2 ,, 8 ,, „ 



1 



In the case of railway trains, the reaistance of the air ii 
Terj rapidly with the speed of the train and with the velocity of 
the wind, so that at high speed the tractive force required to 
kwp the train moving along a, horizontal line may he as high as 
50 lbs. ^r ton. 

inti-Fnction Wheels, — These wheels are ao arranged that 
thdr circumferences form a hearing for an axle or shaft. The 
ules A and B of the two anti-friction wheels are placed near to 
»(jh other, and the axle, 
C, whoae fiietion it ia de- 
itred to reduce, rests on 
thar cironmferences. By 
thia means, the resistance 
to the rotation of C is 
greatly diminished, and 
bence the arrangement ia 
often resorted to in the 
caaa of philosophical and 
other delicate apparatus 
where the frictional reaist- 
mcea have to be reduccti 
to a minimTini. The con- 
trivance is neither suflici- 
ently simple nor compact 
and strong to be adopted 
for the ordinary hearings 
of large heavy shafts ; hut 
a modification thereof is 
often met with in the bal! 
hearings of the best constructed driving shafts for foot lathes, 
for American electric elevators, and for bicycles, tricycles, &c.* 
With hall hearings the friction ia wholly that of rolling friction, 
bat in the ordinary anti-friction wheels the rolling friction may 

* See pages 91, 92, and 159 of the author's Elemetilary Manual of Applied 
Utthatucs for th^se applications in the caaes of Sir Wm. Thomson's Siphon 
Beeorder and Atwood'a Machine, i-c. Also the Ekctriad Engineer oi T^iev 
Ywk, Nov. 2nd, 1892, for a description of the ball bearings in the Sprague- 
mttElBottio Elevator for High Service Duty. 
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be neglected and then the friction of the axles, A and 
sidered in the following way : — 

Let E = Resultant vertical force acting on axlo C. 
D = Diameter of each wheel A ajid B. 
6 = „ „ axle A and B. 

d = „ of the shaft C. 

2 S ^ Angle A C B. 

P = Pressure on A or B due to E on 0. 
fi = Coefficient of friction between axles A and B and 
their bearings. 

Then, since R must be the resultant of P at A and P at B, 
we get: — 



Suppose the wheels A and B to make « 
Then. will make n turns, so that ; — 



Work absorbed in friction \ ( Work absorbed in friction ai axle 
in one twm of wheels A > = -i A - Work absorbed in friction 
and B } \ at axle B, 



But, had the axle been resting in an ordinary bearing 
instead of on the circumferences of the wheels A and B, the 
Work absorbed in friction toould be = n ■r rf ^ E, 



Friction with anti-friction wheeli 
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In general, ^(^^ ACB) will be small, ao that coa-fl will bo 1 
nnity very nearly. 1 


Friction with anti-friction wheels 
• ■ Friction without anti-liiotion wheels 


diEL of axle 
dia. ofwhe 


AorB a 


J 


lAorB D- ^J 


This result agrees closely with 
wperiments carried out on the fric- 
tioa of anti-friction wheels. 

Friction of Flat Pivots and Collar 
Bearings.— When a shaft is subjected 
to forces parallel to its axis the end 
of the shaft may terminate in a 
botatep bearing, or if the shaft has 
to be continued through its bearing, 
this aiM pressure is provided for 
by having a collar or collars made 
on the shaft. IS the shaft termin- 
ates in a bearing at its end, the end 
of the shaft may be flat, rounded, or 
wnieal, according to circumstances. 

We shall first show how to cal- 
mlate the work lost in friction in 
Ihe case of a flat pivot or collar 
bearing. 


1 ■ 






Let R = Total thrust on shaft. 


Xc ^'' \ 


u p = Intensity of pressure over 


( ■*'-v,''' J 1 






area of bearing. 


Suppose the thrust, R, to be 
equally distributed over the whole 
bearing surface, and let us consider 
« email annular ring of breadth, dx, 
ud mean radius, x (see plan). 


Friction of Flat Pivots 

AND COLLAS BEARINGS. 


Then, Pressure on elementary ring - 


-p X 2^xda:. 


.; Moment of friction for the\ _ 


I^p X li^xdx X X. 


.: Moment o/friotion for vilwle \ ^ 

bearing ] 
■Wlere, f7?dx means the sum of a 


1& ^'iTIipfx^dx. 1 

U such terms, as ai^rfje, M 


fcfcenoTer the whole bearing, Conseq 


ently, M. = i«|Lp-^. 


d 



r 
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If the bearing be an annular ring or collar of outside radius, 
*■(, and inside radius, r^, then;— 



1 






\li-rtj 



Or, 



1 / i^l-dl ^ 
' 3 W?-dS' 



m 



Where d^, d^ refer to the inside and outside diameter r&- 

spectively. 

Hence, Work lost in friction 1 

in one turn of V = Mx 2!r= ^tt ^5 — ^/iR. . (VI) 
coUar joninal ' s w _w 




KooKDBD Pivor. 
In the ease of a Sat pivot d^ = 0, and then i— 

M = J</,;^E. (V,) 



. .-. Worklostinfdctionin) 
one turn of flat pivot) 



■^^d,f 



■(Via) 



FRICTION OF CONICAL PIVOTS. 



Thas, -we see that the frictional moment of a flat pivot in its 
I is only I of that for a horizontal journal of equal 



in the 8ame proportion. 
Hence, we often find that 
anwll pivots are rounded at 
their lower ends and rest 
on K flat step in the manner 
ehown by the accompany- 
ing figure. 

In the case of tum-tablea 
snd the vertical posts of 
cranes where the motion 
is slow this plan is also 
adopted. But for the bear- 
ings and footsteps of large 
Bmtta carrying a heavy 
load and moving at high 
spoeda, the following style 
oi adjastable footstep aiid 
tearing has been found 
best. 

Friction of ConicEtl Pivots. 
— Sometimes the end of 
the vertical shaft ia made 
coaioal — instead of flat or 
hemispherical — and turns 
in a step or bearing of 
corresponding shape. In 
this caae the expression for 
the frictional moment will 
be different from the one 
just obtained for a flat 
pivot. 

Let A D E B represent a section of a conical pivot, or frustrnm 
ot a cone, with r and j-j for its greatest and least radii respeo- 
tively. 

Let the total axial thrust, E, be uniformly distributed over 
the transverse section at A E. The manner in which this 
presBure is distributed over the step i_ _. 
Tob normal pressure may be constant at all points c 
or it may vary according to some other 
Msame that the step always r 
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and that the wear is uniform throughout, we can thea ex 
how the pressure, p, varies from point to point. 

The wear over any small conical surface on the step depends 
on the prodact of the aormal pressure, p, and the velocity of 



















U -r > 


a 


% 


^^^ i i 


p 




^ 



CotncaL Pv/tfi. 

wear be everywhere the same, w^ 1 

pv = a, constant. 

But the velocity of rubbing depends on the distance of th^' 
small area in question from the axis of rotation. If this distance 
be y, then ; — 



py = & constant. 

Consequently, the pressure at any point on the step variei 
inversely as the distance of the point from the axis of rotation. 

Hence, if we consider a small conical area of breadth or slant 
length, a b, and mean radius, j/, and if the projection of a 



^^^P FRICTION OF CONICAL PIVOTS. 




1 


pnz^t&l plane be deaoted by 
ngle ACE; rfy = ^ ain a. 


dy; then, i 


B = half the 


-■ 


Total normal pressure on 
elementary frustrum 1 _ 
area hounded by ab aei 
a slant side > 


y,2»jx 


is. 2 


™-py X 


1 


Now, the Bum of the vertical 
fireBsures must balance K. 


components 


of «ii 


such 


normal ^^^ 


Il = 22f7py^sin 


. .2,pj 


ein^j; 


Kb. 


i 


Since py haa pre%douaIy been shown to be a constant it may ^^tf 
be written outside the summation sign. ^^H 


But, 2 ^ is clearly = 


AD. 






A 


And, AD = 


—^^. 






■ 


2^i = 


em.'- 






■ 


Conaequentiy, E = 


2,y,(r- 


•■l)- 




■ 


Aad, .-. py = 


B 






■ 


2.(r_,, 


Substituting this value oipy 


in equation 


(1), w. 


get:- 


■ 


demetUary frvstrum - = 


« »-T 


"F^ 


R 

.,)sin 


...| 


.-. Moment of friction for I 
demerUary frustrwm > = 


,B 






1 


(r - r,) ,i. 


— y<'i 


And, Moment of Mction | 
for whole bearing ] = 


^B 
(r - r.) „ 


^./: 


ydy. 


1 


Or, M = 


/ (»B 

W-n). 


^)i 


^^ 


^ 


U. K = 


1 r + r. 


B. . 




Cfii) J 


.-. Work lo8t in Mction in) 

one turn of conical \ = 
Pi'ot i 


Mxa.. 


8m« 


,E. 


(TlIIj^H 
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If the pivot comes to a point at 0, then t-j = 0, and thefiiS 

""safa"'^ (^) 

Example II. — A vertical shaft, 4 inches in diameter, tuma 
on a flat pivot. The weight of the shaft with its wheels, fcj., 
ia 2,500 lbs. Find the horae-power lost in friction between 
the end of the shaft and its footstep, the shaft making HO 
revolutions per minute, and the co^cient of friction being 
taken at 008. 

Amswer. — Here d = 4' = J f 

Hence, assuming formula TI( 

Work logt in friction \ „ 
in om twm o/\ = { n. 
pivot ) ° 



-- 140, R = 3,500 Iba. 



. H.P. lost ia friction = 






* 140 X -08 X 2,500 



33,000 



Work lost in friction 1 -a (r 
in one turn of pivot f ^ 



rr(_d + d{i 



i 



= ■59. 



Example III. — If, in the last example, the pivot had been 
conical instead of flat, the angle at the vertex of the cone being 
60°, and the smallest diameter of the pivot 1^ inches, what 
would then be the H.P. lost in fi-iction, assuming the pressure 
on the step to vary according to the law stated in the test ! 

Answeh. — Here d^ = I J", a = 30°, the other data being same 
as in last esaraple. Then, by formula VIII. : — 



. E.P. lost in friction ^ - 



\12 ^12^ 



140 X -OS X 2500 



2 X i X 33,000 
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Schiele's Aiiti-Friction Hvot. — The oaaumption made in our 
laat invefitigation regarding the uniform wear of the ordinary 
conical pivot and step is not strictly correct. Wlen such pivots 
have been at work for some time it is found that the contact 
between the pivot and its step is very imperfect, due to the 
unequal wear which naturally arises from the difference of 
veiocitiea at different parts of the conical surface. Since this is 
a matter of some import- 
ance, especially with cer- 
tain kiads of instruments 
and machines, we shall 
here investigate the proper 
tonn to be given to the 
pivot and its step in order 
that the vertical wear of 
the latter may be every- 
where the same. 

The figure represents a 
section of such a pivot. 
Dnring wear of the step 
let tie pivot sink through 
a TBTtioal depth, A A' = A. 
Then, by hypothesis, the 
'ertieal wear everywhere 
*ill be A ; so that any 
point, P, will, after wear, 
be at F, where P P' = A. 
The dotted curves repre- 
BBEt the outline of the 
pivot or step after wear, 
and it is evident that they 
fiill ha similar to the full 
corves A PE,BQD. 

Consider a point, P, on the curve. Draw P N perpendicular 
to the axis of the shaft. Let PT be the tangent to the curve 
at the point P, and P M the normal at that point. 




Fkiction Pivot. 



Let y = Ordinate P N. 
„ w = Angular velocity of shaft. 
„ p = Intensity of normal pressure, 
„ li. = OoefEcient of friction between pivot 



,r at P per u 
PMcc 



ivot and step. ^| 



1*3 



OB-TtHK VIZ 



So/w, fbr a. snaO vertuiaL wear, wb d 
TPSr. P'PH,Mnimi»r. 

PT : PS =PF : P Jt 

PP < PS 



PT = 



PX 



a supposed to be B ^ etyahw 
/ nf normal itrauaare, p, mmt 
be cb4utAnt fiir «n poinlB ok Cbs [Knit. 



PT. 



^y* 



GDMeqMBlir, Oe cw« is aaeh, tkM th« length of the tangent 
PT, at anj po^t, P, ia cwtanb The curre haring this pco- 
per^ is kaowB M tf>e''flii*M''<ig"?Vgcfe>Ty Cuvta." Henoc^ 
a nutable &»in at ptTot ia obtnnad by the revalntion of anch a 
carve ftbnnt ita ^da. Tfaia tona at piTot was InveDted bj 
C. Sdiiele, ud b called "SMMm AiUi-Frietion PivoL" Such 
[rirota are well adiqrted for high-^ieed tnacliitiery, the wear being 
perfectljr nniibrm throogboot nod giving a very smooth motion. 

CoIcolatioD of Frictioii Homent in Schiele'a Pivot. 
IjOt B = Total axial tbrnat on shafL 
„ r = Lai^est radios of pivot - isdioB of shafih 
„ r, ■= Smallest „ „ 

W« ihall now ahow, that p = —7 a tt. 

Oonaider a small conical area of the pivot, the mean diameter 
of which ia F Q = 2 y, and length of slant side, da. 



Then, 
But^ 



Arta 0/ dementary ring = l-irydt. 



Area 0/ elementary/ ring 
Total normal prettwra 



on elemeniary ring 



}- 



■ ic^ y'l- 



;<"'»■ 



8CHIELKS ANTI-FRrCTION PIVOT. 

Resolving vertically, we get : — 

Fertieal component of F = F ein p = 2 -xp yd 



R = 2 



■^P j 



idy = Tp{r' 



And, therefore, 



"(r' - -■;)■ 

Next, the moment of friction for the elementary ring is 

dilL = M,Ty = ^t^^ y^dy. 

We have seen that the length of the tangent, PT, 
point, P, on the 




Or, 



an equation which shows that the fi-iction-moment depends only 
on the thrust along the shaft and the length of the conatajit 
tangent. 

The minimum length of the tangent is ( = r, for then the 
line, A B, is a common tangent to the curves, APE, B Q D. 
Hence : — 



M„/„ - 



<x,> 



The friction-moment with this pivot is thua one-half greater 
than with a flat pivot of the same diameter, but, as already Baid,. 
the wear ia more uniform throughout the bearing surfaca 
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PT : PN = PP' : PM. 



le tn^P 



On 



PM 



In this piTot, the vertical wear is supposed to be everywhere 
the same, therefore, the intensitf of normal pressure, p, most 
be coostaat for all pointa on the pivot. 

h 



PT 



(ipu 



a constant. 



Consequently, the curve is such, that the length of the tangent, 
P T, at any point, P, ia constant. The curve having this pro- 
perty is known as the " Tractrix " or " Traetory Curve." Hence, 
a suitahle form of pivot is obtained by the revolution of snch a 
curve about it« axis. This form of pivot was invented by 
C. Schiele, and ia called " Schiele's Anti-Friction Pivot," Suah 
pivots are well adapted for high-speed machinery, the wear being 
perfectly uniform throughout and giving a very smooth moticm. 

CslcalatioD of Friction Moment in Schiele's Pivot 
Let B. = Total axial thrust on shaft. 
„ r = Largest radius of pivot = radius of shofb. 
„ r^ = Smallest „ „ 

We shall now show, that p = - 



ConBider a suiall conical area of the pivot, the mean diametei 
of which is P Q = 2 y, and length of slant side, d i. 

Then, Area of elementary ring = 2 nt y d s. 



Bat, 



dy 



Area of elementa/ry ring = 



Total Tiormal preamre ) 
on elementary ring j 



-yd). 



-.'■'II- 



SCHIELES ANTI-FRICTION PIVOT, 12i 

Eesolving vertically, we get : — 
Virtieal oomponent q/'P= Psin^ = 2<rp y dy. 

R = 2 irp I J/ rfy = Tj? (r* - yj). 

And, therefore, p = —r-i r. ■ 

Keitf^ the moment of friction for the elementary ring ia : — 



Let t = Length of tangent, P T. 



<IM= i'nti^pydy. 




M = ^■fft/i'p r ydy. 




'' = >'-,(;^: 


«^- 


M.,R( .... 





(X> 



Or, 

ao equation which shows that the friotion-moment depends only 
OQ t£e thrnst along the shaft and the length of the constant. 
t*ngeut. 

The minimum length of the tangent is t - r, for then the 
liae, A B, is a common tangent to the curves, APE, B Q U. 

M„,-„ = /i R r . . . 

The friotion-moment with this pivot is thus one-half greater 
^W with a flat pivot of the same diameter, but, as already said, 
the wear ia more uniform throughout the bearing BHifaco. 



greater ^^1 
y said, ^^H 
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Frictional Resistance between a Belt or Kope and a Flat Folley. 
— Let the figure represent a belt 8tret-ch.ed over a pulley. Let 
Td, T| deaote the tensiotia in the two parts of the bolt not in 
contact with the pulley. 
Suppose the belt to be juat 
on the point of slipping on 
^^__..p^ . , ,..,_-._^^ the pulley in the direction 

T*ir*-/^ \ _ / \"~~~*'" B to A, so that 

Let i = A B = angle 
Hubtended at centre, 0, by 
part of belt in contact with 
pulley ; and let /i = co- 
efficient of friction between 
belt and pulley rim. 

Consider the equili- 
brium of the part of the 
belt on a very small arc, 
a b, anywhere between A and B, the arc, a h, subtending an 
angle, A S, at the centre, O, of the pulley. 

Let the tensions in the belt at a and 6 be T + A T, and T 
) that the increase in tension over the arc, a h, 
The directions of T + AT and T will be along the 
tangents at a and b respectively. 

Let E = Resultant reaction between part of belt, a b, and 
the pulley rim, due to tensions in belt at a and b. 

Then, neglecting the small difference, AT, between these 
tensions, we get : — 




.(30--^-) = 



2Tai 



Since A S is a very small angle, we may write : — 

. AS Afl . , , 

sax -„- = -„— very approximately. 



But, since slipping is about to take plac 
measure of the friction over the arc, a 6. 



AT = /iR = ^TAA 



I 

J 
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Hence, in the limit, when the arc, a &, is indefinitely small, 
we get :— 

Therefore, for the whole arc, A B, of contact, we get : — 

t.e., log, Td - log« T, = /t tf. 

Or, log.^=^tf 

Or, |f-='^* 

Since e= 2*7182 (the base of the Napierian system of logarithms) 
it is a constant; and since fi* is also a constant, we may write the 
last equation in the form 

If- = ^^. (XII) 

thus showing that: — The ratio of the tensions increases as the 
power of the number representing in circnlar measure the angle 
subtended by the belt at the centre of the pnlley. 

The ratio is thus independent of the radius of the pulley. 

The above results are true for a rope wound round a post and 
also for friction brakes wherein the strap encircles the friction 
wheel or pulley. 

From these results we can understand why a sailor has such 
a power of holding back a ship at a quay by merely coiling the 
rope two or three times round a post. For example, when a 
rope is coiled once round a post, let T^j T, = 4. Then, when 
coiled twice round the post, T^/T, = 4^ = 16 ; when thrice round 
the post, T^/ X, = 4^ = 64, and so on. This shows how rapidly 
the resistance increases. 

Td 
In the formula loge =r- = /c& ^ we may change into common 

logarithms by multiplying both sides by 0*434. 

Log. J^ = 0434 ^ ^. ..... (XIII) 

* in these equations is always expressed in circular meaaxxte. 
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Example IV, — A rope is wound thrice round a post, and one 
end is pulled with a force of 20 lbs., what is the greatest poll 
which can be resisted on the other end of Ute rope when the 

coeiEciont of friction is 0-4 1 



^ 



Akbwer. — Her 



T, = 20 IbB. 






-Oi. 



= -434 fi 



^ = 1871, nearly. 

Td = 20 X 1871 = 37,420 Iba. 



• 



Consequently, a, force of 20 Iba. at one end of the rope i 
to resist a force of about 16J tons at the other end. 




G BOOTED PULLBT. 

ReBistance to Slipping of a Rope on a Grooved Pulley.- 
grooves round the rims of the pulleys used for hemp or cotton 
rope drives are usually V-shaped and of such dimensions that 
the rope, instead of resting on the bottom of the grooves, gets 
wedged into them and presses on tlie sides only. By this means 
a gruater resistance is offered to slipping between the rope a 
the pulley. 



■ope and I 



FBICnON BirrWIESN ROPE AND PULLEY. 

Consider a, small length, a b, of the rope subtending an angle, 1 
A 6, at centre of pulley. Let T + A T and T denote the tensions 
at a and b respectively. Let Q be the presaure between element 
ab of rope and eides of groove, a the uugle between the sides of 
the grooves. 

%ea, fivm right-hand figure, we get : — 

Bn^ in the previous investigation, we saw that 
R - T All. 



2Q 


.i.| = Ta.. 


Now, the resistance of friction for the element, 




A T = /i X 2 Q. 




AT = /* X coaec "x T Afl. 


(V 


AT a , . 



Pfoceeding to the limit and integrating for the whole aroj 
wlraoed by the rope on the pulley, we get : — 



=^r 



log« m- = i^» cosec = 



(XIV)-' 

Compared with our previous results for a flat pulley, we, see 
W the logarithm of the ratio of the tensions is increased in 

^e proportion of co'iec 5 : 1, 

Generally, the groove angle is about 45°, for hemp or cotton, 
ropea, and then ; — 
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LxoTO&s VU.— Qlestions, 

1. Find an eiprclsion for the work absorbed in one revotutioii of ■ 
tude on ita bearing. An ulc is 2 inches in diameter, and the weigh. 

tiressing it on the bearing is 1,000 lbs., Snd the number of units of work 
DstiulOOirevolations. (Take the caefficientDffricti'iaaaO'OS). .^n*.41SS-S. 

2. DedncB a formala for obtaining (approximately) the work loaC in 
friction in one revolntioa of a horizontal abaft in ita bearing. A horizontal 
abaft, 9 inchea in diameter, is acted on Bimultaneotisly by a horizontal 
force of 3 tons and a vertical force (inctading its own weight) of 4 tons. 
Find the horae-power lost in friotion when the abaft makes 100 revolntiona 
per minot«, The coefficient of friction iti 007. Aat, 5'6 H.F. 

3. Explain what is meant bj "dead angle" when applied ti 
engine. Explain how jrou would find it. 

4. Explain the nature of "rolling friction, "and dednceo formula whiok 
approximately represents its amount, 

5. What are anti-fricbion wheels? Find aaexpressioD for the work saved 
by their use over ordinary bearinga. 

6. Explain, by aid of sketches, how friction is reduced U 
the cases of large crank-shaft bearings and in bicycle bearings. 

7. Discuss the advantages and disadvantages of bail bearings. Describe 
with sketches the construction of an ailjustable ball bearing. (S. & A. 
Mach. Const. Hons. Exam., 18H5.) 

8. Write down the formala for finfling the work lost in friction i_ 

revolution of a vertical shaft turning on n flat pivot. A vertical shaft 

3 inches in diameter, and weighing 30 cwt. (including wheels, &c.), tnrns 
on a flat pivot. Find the horse-power lost in friction when the shaft 
makes 100 revolutions per minute, the coefficient of friction being taken 
at 0-07. Ans. 373 H.P. 

0. Explain a formula by means of which the loss by friction oi 
pivot of a, vertical abaft may be calculated, and apply the formula ii 
following case : — Weight on pivot, 3 tons ; diameter of pivot, 4 in 
coefficient of friction, -01 ; revolutions per minute, 75. Find the h'orae-power 
lost in friction. (C. 4; G. Mech. Eng. Hona. Eiam., 1S90.) Ana. ■'■" 

10. Investigate an expression for the moment of friction of a flal 
stating the assumption mode as to distribution of pressure. F 
H.P. lost by the friction of a footstep bearing, tha diameter of n 

4 inohea, the total load on it being 3,000 lbs,, the number of rev< 
100 pet minute, and coefficient of friction -06, {S. 4 A. Mach. Const. 
Hons. Exam., 1887.) Ane. '38. 

11. Explain the theory of the anti-friction pivot, and deduce a !"r 
for the work lost iu friction in one revolution of the shaft. Draw the 
curves representing the outline of the pivot. 

12. A string is stretched on the circumference of a rough circle ; i 
oae of the forces is on the point of preponderance, find the pressure oi 
eircnmfereiice, and the tension of the string, at any assigned point. (S, ft A. 
Theor. Meuha. Hons. Exam., 1889J. 

13. A thread is stretched by two forces, P and Q, over a rough p 
curve ■ when P is on the point of overcoming Q show that P = Q e^ , when*. 
8 denotes the angle between the normals at the extreme points where the 
thread is in contact with the curve, A rope is wrapper! three and vbalf 
times round a horizontal cylinder, the coefficient of friction between the 
rope and the cylinder U A-( »■ weight of 1,000 Iba. is faatcuwl t — '' 
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of the rope, vhat waght most be fastened to tlie other etiil t« prevent 
■liding, the weight of the rope being neglected. Tnke t — 272. (S. & A. 
Theor. Mechs. Hoiu. Eum., 1883.) Ana. Q = F/e' = 13S-14 tba. 

14. Dednce a formula for the reBiatuQae offered to slippini; of a mpe 
TDOnd n grooved pulley in temiB of groove angle, ansle subtentted at centre 
(1 pulley by the rope ajid coefficient of friction. Find the nuixiiniini ratio 
of tciuionB in the tight and alack ends of a rope passioc over a grooved 
polley, the angle of the groove being 40°, coefficient of friction ■IB, arc of 
pulley embraced by rope | of circumference. Ant. S22. 

15. Establish a, formula givine the ratio between the teniions at the 
ntremities of a rope which ia coiled through a given angle ronnd a post. 
A rope 1)08 its direction changed throiigb two right angles by pasaine 
toaai ( grooved guide pnlley whose diameter is 12 inches, the diameter of 
Iheule of the pulley being 1^ inches, and the coeHicient of axle friction 



Enm., 1895), Atu. Efiicieui^ = SS'4 per cent. ; efliciency = 15-2 per cent. 
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COSTKHTS. — Frietion Uietally Applied — Friction Clatohes — Pmstmrn, 
Adilynun's, uid Bogshaw'i — Weatoa's Fnutian Coupling and Bnfce — 
Grooved Disc Friction CoupUne— Weston's CeDtrifoj^il Friction Pnllej 
— BrAket Delined knd Clunhed— Block Bnkei— Flexible Brako- 
Proper Direction of Bnbe-Wheel when Lowering a Load— Uatbe- 
nutical Proof— Example L — Paying-out Brake for Snbmarine Tde- 
craph Cablea-'DiffcriiDtiKl Bmke for Lord Kelvin'i Deep-Ses Sonni^ 
Huchine — Uynimometers— Absorption Dynamometer* — Prony Brake 
— Method of Takino Tert for Brske Horse-Power — Example U.— 
Improved Prony Brake — Appold's Compeiiiatinfr Lever — Semiairciilaf 
Strap llyoiuiionieter — Society of Arts liope Dynamometer— Ad vm- 
t^es of Rope Brake— Tests of Engines with Rope Brake — Trans- 
miuioD Dynamometers — von Hefner- Alteneck or Siemens' — Rotatory 
DynamometerB—EpioyolicTrnin; King's, White'*, or Webber's— Spring 
Dynamometers— Ayrton and Ferry'a and van Winkle's— Hydraulic 
Tranimiuion Dynamouieten — Flather's and Cross' — Tension Dyna- 
mometer for Submarine Cables — Questions. 

Friction Usefully Applied.* — As we remarked in Lecture X. of 

our Eleinenlary Manual of Applied Mechanics, friction has its 
advantages as well as its diaadvantagea. And, although it is the 
duty of tlie eDgiceer to teduce friction to a minimuiD in the case 
of the bearings of engines, shafting, and machines iu general ; yet, 
he has, nevertheless, to devise means for producing a maximum of 
friction in the case of brakes, blocks, and grips whei-eby motion 
has to be arrested gradually or suddenly; or, in the case of friction 
gearing, pulleys, and clutches whereby power has to be transmitted 
from one shaft to another. Or, he may have to arrange for a 
more or less constant retarding force as in the case of absorption 
dynamometers when used for paying-out submarine cablea or 
for determining the brake-horse power of motors. It will, there- 
fore, be our endeavour, in this Lecture, to describe these various 
methods of usefully employing friction with suitiible illustrationi 
applicable to each case. 

* The student should refer to Thomas W. Barber's Eaginetrs' ShetcK 
Book of Mtchaukai Moveinenbi, published hy E. A F. Spon, London, for 
a large variety of Brakes and Kctardiug Appliances in Section 6, Friction 
Clntclies in Section JS, and Friotion Gear in Section 38, and to an oxcellont 
book on Dynamometers and Ihe ileasurepient of Power, by John F. 
Flather, Ph.B., poblUhed by John Wiley 4 Sons of New York, as weU u 
to the several papers referred to by footnotes in this Lecture. 



FrietioE Clntclies.* — When two light shafts are ia Hue with ' 
ash other, one of which has to be set in motion or stopped at any 
time, whilst the othei' one is itept Mtating, they may be con- 
»Miently cM)iipled together by the simple form of clutch illustrated 
V the iiccom]>anyirig figure. To the left-hand shaft there is keyed 
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» hollow disc, truly bored out to a certain taper, which depends 
"pon the materials, and must be great enough to prevent jamming. 
On tie right-hand shaft another disc fits freely on a feather-key, 
» timt it may be forced to the right or left by a forked lever 
(aot shown) which engages the groove in its boss. This i-ighb- 
litDd disc is turned to the same taper as the left-hand one ; 
consequently, when it ia pressed homo thereon and held in position 
iija locked or weighted lever, the frictioa between the two conical 
'Utfeoes is sufficient to transmit power from the left-liand to the 
^bt-hand shaft. In order that the shafts may remain in line, each 
'a supported by a hearing immediately behind its own 



of clutch might 
transmitting 



The following figure shows how this same s( 
It applied to a vertical shaft gearing with, 
motion to. one or two hnrizontal shafts. Here the lower end of 
lio hel!-crank lever is forked and fitted with a nut whicli engages 

ncrew worked by a wheel and handle. The upper end of the 
tdtoauk ia also forked, and should engage the grooved collar of 

a are indebted to MessTB. J. Bagehaw & Sons, Batley, for three of 
It following figures, and to the Couutil of the IiiBtitntioa of Civil 
EnRfaeers for the third and fourth figures, which are taken from Mr. 
''titer Bagahaw'a paper on "Friction Clutthcs." See Proc. Inst. C.K 
w 1686.877 vol. Ixxxviii. 
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the movable part of tlie cltitcli. Tlie inakera, however, prefer the 
method Bhown in the next and following illustration a, wherelij 
the weflge-pointed rod, K, on being depressed, forces open two 
internal levers, LL, which, in tnrn, expand a apHt frictiou rio^ 
H, nntil it grips the inside of the hoUow c!ntcl), A. 




AnaniAii'a Faionos Codplisq for Upriobt Sa^rrma, 



Another method by the same firm is shown in the second 
figure on the following page. Here, one internal forked lever, D 
(which clears the shaft), is fixed at its lower end to a right- and 
left-handed screw. "When this lever is forced forward the Bcrewa 
are turned in one direction, and press out the split cast-iron 
ring, A, until it bites the internal surface of the hollow clnMb, 
and starts the machine connected therewith. On the other hanOt 
when the lever is pulled back, the screws are turned in the 
reverse direction and pull the ends of the split-iron ring together, 
thus freeing it from the clutch and permittiog the driven machine 
e to a stand-still. 



FlilCTTON fLUTl 




Addtmas's FniCTios Coc: 



A for Hollow shell of cluicli. I F for Collar. 

B „ Driving ehaft. H „ Frictian riug. 

C „ Crank pin or driver. I K ,, Wadge- painted rod. 

D ,, Disc. I L „ Levers. 

E „ Itriven shaft 




Bag SHAW'S Hollow Sleeve 



Weston's Friction Coupling and Brake. — This apparatus con- 
sists of a shell keyed on one of t!ie shafts, in -which are fitted 
twi> aeries of friction disca free to slide lengthwise towards or from 
eub other. The aci-iea, shaded black iu the figure, is made to 
nteta with the right-hand shaft by means of ieather-keys, and 
tba other aeriea {shaded light) with the outsida aliell. When 
(tnnpraasion is applied to the discs tJirough the lever, the shafts 
wt free to revolve independently of each othei', but upon c 
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jireBHiijg the tliscs, the rotary motion of ouo series is transmitted 
wholly to tile other, and the apparatus acts as a coupling. Wbea 
the pressui-e is slightly relieved, the friction between the two seto 
of discs acta as a brake sud th'ta controls the speed. 

It will be observed tliat this coupling b dei»igDed on the pdib 
ciplo of multiple-gi-ipj)iQg Hurfuces, aud, as friction increases in 
proportion to the uunilwr of pairs of surfaces in contact, it is pos- 
sible to so increase their number and the extent of the aurfitee in 
contact, so as to multijjly the resistance due to friction to any 
desired amount, Weston's arrangements of alternate discs of iron 
or steel anil gun-metal, or metal and wood or leather, are used foe 




Weston^ raicnoif Covmso 



■ variety of devices, such as lowering and holding brakes in large 
cranes, elevating gear in large guns, &c. The resistance obtained 
in this way is very remarkable. It is stated by Pi-of. Goodeve 
in his Prinaiples of Mechanics, that " sis discs of iron, 141 inches 
in diameter, riding between wooden discs and used in a windlass, 
are recorded to have sustained a direct pull on tlie cable of 34 tons 
without yielding." 

Concentric Grooved Disc Friction Coupling. ^Another form of 
friction coupling in that known as " Robertson's Wedge and 
Groove Friction Clutch," which will at once be understood from 
the accompanying sectional plan and elevation. If the discs, 
D,, I>2, forming the two parts of the coupling, are to be brought 
into contact, then the lever, L, is moved to the right, which turns 
the forked claw or clip, C I, connected to the central circular pin, 
C P, inside the eccentric boss, E B, of the bearing, B. This elaw 
in turn forces forward the collar, (along the feather of the ahafi), 



S CENTKIFUGAL FRICTION PrLLEY. 



Kinneoted to the disc, Dj, and thus brings D, into gear with Dy 



r whee] 



d whicii is 



ranected 



This latter disc is iixed to the pullej o' 
to the machine to be set in taotion. 
Tohriog the discs out of gear the lever, 
L, h moved to the left, and precisely 
the reverse action takes place. The 
■dTuntage of all these several forms of 
Irafcin couplings is, that they transmit 
power without jar and will slip under 
sneKcesa of force ov shock beyond that 
vhich they are designed to transmit 
The forces transmitted are, however, 
limited by the coefficient of friction and 
the number, extent, and exact fit and 
tfeodom from oil or moisture of the sur- 
fecea ill contact. We shall have to refer 
to spnr and bevel frictional gearing 
later on, and to investigate the limits to 
vliich snch appliances may be adapted. 

WbbIoh'h Centrifagal Friction Pulley.* 
—Two forma of thL^ friction pulley are 
shown in the following figures, the first 
snitable for rope and the second for belt 
driving. This pulley is specially 1^811 
idtptedfor driving high speed machines, 
aneh as centrifngaJs and dynamos. 

The principal advantages claimed for 
it are; — (1) A number of machines may 
bediiven direct from the same shaft; and 
»«}■ one of them may be started o 
others. 

(2) Both starting and stopping are performed gradually and easily. 

(3) No sudden shocks or stresses are caused to the pulley, the 
Wl, or any part of the driven machine, since the necessary fric- 
tion for imparting the motion is applied automatically by centri- 
Aigal action, 

(4) When the friction pulley ia the driver no loose pulleys are 
Wjnired, and consequently there is no wear and tear of belting 
from shifting forks, &c. 

(5) Thi pulley may be so adjusted as not to transmit more 
ftan the desired power without slipping or giving warning that 
*D extra load has been brought into circuit. 

The couBtmction and action of this pulley will be readiW 
' We are jndebH^d to Meaare. Wfttson, LaiiJlaw & Co., of Glaagow, 1" 
■»tera of this friction pulley, for the two following illuBtratioiia. 




Disc Fsiction Coctlhjo. 
stopped independently of the 
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tinderatood by reference to tbe following tigurea. A, is the pnlle; 
proper, wliich cairiM the belt, and rides loose oa the shaft B. 

C, is an arm bolted or kejed to the shaft, and revolves withiL 
'This arm carries two toe-leven, I, pivoted at K. To thesa 
toe-levers are attached the friction arms, F, the latter being agun 
connected to the arm, C, at the ends, 

D, by means of flexible springs, K. 
The (jrippiug surfaces, H, of the 
anna, F, are faced with leather, and 
tnmed to the same curvature as the 
inwde of the rim of the pulley. It 




will thus he seen that when the t 

round with it the two friction : 

under the influence of centrifu^ 

thus to bind themselves against the rim of the pulley, A, and 

carry the latter round with them. In the condition shown in the 

illustration, this tendency is restrained by the toes, M, of the 



I, 0, is in motion it will carry 
lis, F. The latter will tend, 
action, to fly outwards, and 
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didiDg alcove, L. All tliat ia Dece3aiir3r, tbei-efore, id order 
permit the fiictlon arms to transmit their motion to the pulley 
is to withdraw the toes, M, by moring.the sleeve, L, a very short 
diatance along the shat't by meanx of & banU lever, such us in 
ehonn in the left-band figure. The springs, E. prevent the motion 
of the friction arms being too suddenly communicated to the pulley; 
hence, as we said before, there is no audden stress put upon the 
bel^ and it gi-adually acquires its full spwed. 

In order to get the beat and most economical results, the highest 
coriTetiieut speed should be ariunged for this friction pulley,* 

Brakea Defined and Classified. — The contrivances comprised 
under tbe general title of brakes, are those by meaus of wliicli 
friction is intentionally opposed to the motiou of a machine, in 
order to atop it, retard it, or employ some of its superfluous 
eiMtgy with the view of producing uniform motion, 

Bntes may be classified as follows : — 

1. Sloeii brakes are those in which one solid body is simply 
pnssed, and rubs, against another. 

2. Strap, or Jhxihk, brakes are those which embiace the pei 
piety of a drum or pulley. 

3. Pvmp brakes are those in which the friction amongst the 
puticles of a fluid produces resistance when the fluid is forced 
threngh reatricted passages. 

i. Turbine, or /an, brakes are those in which the resistance 
employed is that of a fluid to a fan rotaticg in it; 

Bloci Brakes, — The moat familiar example of the use of the 
ordinaiy block brake is its application to road veliiclea and railway 
roDing stock. Its effect is to retard or stop the rotation of the 
vlieels, and thus to make them slip instead of rolling on the road 
or railway. The resistance caused by such a brake to the motion, 
of a carriage may be less than, but can never be greater thau, the 
fiictioQ between the stopped wheel and tbe road or i-ail, 

n«ible Brakes. — In hoisting and lowering machinery, such as 
CTabfl, winches, cranes, and colliery winding engiiics, a form of 
brake called the friction strap or flat brake is generally employed 
loc holding the load when raised to the desired height, or for 
gtidually arresting ita motion on being lowered to the required 

'There are an immense nnmb«r of patented "Friction Power Trans- 
■xittara," but we have given sufficient illaatrationa to ahow the application 
<j theaenseful devices. The atudeat ahonld, however, conaulb the pages 
•f The ICngiaeer, Engineering, and other aimilar periodicals — e.g. ' - 
iluald refer to VAefingineei- of April IS, 1890, for - ' --■-'■■-- ---' 
pleUaet of aeetionaliiguren of Shaw's "CoilFricti 
•l«h is an interesting departure from the usual methods o 
muhiiies into ciruuit with their drivers. 



1 

IIpv I 




138 LECTUKE nn. 

depth. Id the case nf ordinary small crabs, winches, and cmneg, 
this brake takes the form of a flexible steel strap, which, to a 
greater or leas extent, encircles a strong flat-faced cast-iron wheel 
or pulley. It itt maile of sufficient leugth to clear the wheel when 
slack. The strap is tightened by nieaus of a lever actuated by 
the hand or foul. If the load to be arrested is comparatively 
amall, then the brake-ntnip may be conveniently fixed to the 
barrel-sliaft of the crab or < 
ahowD by the left-hand tigii 
terminates in a bell- crank.'*' 

The extremitieH of the arms of this bell-crank are attached to 
the ends of the brake-strap. This brake-strap is simple, can bs 
readily fllted to most hoisting gear, and possesses grejit gripping 
force. 

In double or treble purchase crabs and cranes where the load to 





Simple BaAKS-Srsu' a 



be held in position or arrested is greater than in the case of single 
purchase ones, the brake ia usually fixed to the second or third 
motion shalt, aad may, for convenience of manipulation, take the 
form shown by the right-hand figure. As in the previous caae, 
the brake-wheel in usnally made of east-iron, with a solid central 
web between its boss and rim. The upper end of the thin flex- 
ible steel strap is fixed to a projecting arm or stretcher, and 
the other end to the lower terminal of a vertical screw. 

This screw is raised or lowered by a horizontal hand-wheel 
whose Ixisa ia a nut fitting the vertical screw, Wlien lowering a 
load rapidly hy means of a brake, it is usual to throw the first 

■ Alao, see the figures at pp. 118 aad 121, o£ Lecture XIII., in ths 
author's Btfme.ntnry Manual oi Applied JfecAowics, as well as the figurea 
of the Crab in Lecture XI. of this Text- book. 
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motion shaft out of gear by aid of a pawl, ic, as esplaiued in 
Lecture Slir. nf our Elementarj/ Manual * 

Proper Direction of Rotation of Brake-Wheel when Lowering a 
Xioad. — In fixing a. trake-strap to any piece of lioiating machinery, 
care should be taken tLat the brake-\¥lieel turns {as shown by 
tie arrows on the two previous figures) in a direction so us to 
prcdnee the greater streRs iipou that end of the bvake-atrap which 
M attached to the fixed end of the lever or projecting arm ; for, 
Mfitted in the reverse order, it will be found rauch more difficult 
■to control the motion of the load. 

Hftthematical Proof of the Previous Statement.— The truth of 
tie previous stateraent way be proved by caleuktiug the frictional 
Momenta about the centre of the biuke-wheeL 

Let Td and T, denote the tensions in the tight and slack ends 
<* the brake-strap. Which is the tight and which the slack end 
'fll, of course, depend upon the direction of rotation of the brake. 
■*lied. In the accompanying figure the diiectiou of rotation is 
. -^ . 
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Bbakk- Wheel, Stkap, i 



4 



"idicatcd by a curved arrow; and, consequently, E is the tight 

sad BD the slack end. 

Let a = Angle subtended by straj> at centre of wheel. ■ 

„ a, 6, c = Lengths of arms, A F, B F, C F respectively. J 
„ r =■ Kadius of brake- wheel. ^| 

„ P = Force exerted at end, A, of the lever, AC. ^ 

„ /I = Coefficient of friction between strap and wheel. 
„ M = Frictional moment about centre of brake-wheel. 
M - (Tj - T,) ,. (I) 

t (S) 

'Sea Notes on i/ie Comtmaion of Cranes and Lijiing Machinery, \rj 
«mid C, K, Marts. Pabliahed by John Heywood, Deanagate, Man- 
''"tw, first edition, pp. 78 to 81, and Fig. 83, for nu improved form of 
Wering brake-strap, which ia lined with leather and Stteci to the third 
iniilioD sh^ft of the cr&ne gear. 
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Tukitig momenta about F, tlie fulcrum of the lever, 
P a = T, 6 + Tj <; . . . 

By eliminating Tj and T, from tli 
pxpreiLi M in termu of P, a, b, c, /;, anl r, 
kiiowu values. 

Thiw, from (2), Tj = A T, . 

r Substituting this value of Tj in (1) and (3), 
M - (ii-l)rT. . . 
And, Pa = (6 + ei}T,. . 

Dividing (4) by (5), ^^ = '-|^, 
b + h 
Very often the tigld end, C, of the strap is immovable, for it 
may be tixed by a pin to thu fulcrum, F. In that case c = 0, aud 
we have : — 

„ ^ar(k-l) 
b 

If, however, the direction of illation be the opposite of tliat 
given Iti the ligiire, then BD hecomes the tight end of the Btrop, 
anit it is easily proved tliat : — 

j,_Tar(l<-l) 
bk 



(>) 



(XT)' 



(XV.) 



(XV.) 



Now, k is always greater than unity, hence we see from (XVo) 
and (XVj,) tliat the resistance to fi'iction m lees for one direction 
of motion than for tlm other. An exaraplo will make this point 
Btill clearer. 

Example I^A treble-purchase crab is fitted witli a strap 
friction-brake worked by a lever. The shaft on which the brake- 
wheel is keyed, carries a pinion of 12 teeth which gears with a 
wheel of 48 teeth on the next shaft. This second shaft has K 
piniau of 13 teeCb gearing with another wheel of GO teeth on the 
dinim or barrel shaft. The diameter of the drum or barrel is 
14 inches ; diameter of brake-pulley 2i feet ; length of brake 
handle 3 feet. One end of the brake-strap is immovable, the other 
end being fixed to the shorter arm of the brako-lever, which is 
3 inches long. The angle subtended by the strap at centre of 
brake-pulley is 270°. If a force of 60 Iba. be applied at the end 
of the brake-lever, what is the greatest load for each direction of 

* The Boman Nambera for these eg^uations follow those in Lecture VIL 



FLEXIBLE BRAKES — EXAMPLE I. 

rotation of the bitike-wheel which could be supported o 
of the rope that passes ruund the drum ) Take [t = ■], 

Answer.^ The friction moment at the brafee-pulley is 



Or, M = 



^(^■-1) 



(according to the direetiou of rotation) (2) 



B, S = 270° = —^ ; and, k - 



.'. i= 1-603, nearly. 
. SuWitnting P = 50 lbs.; 
i" {I}, we get : — 



Or, from (2), M = 



ins.; 5 

50 x36x 15 (1-602-1) 

3 
50x36x15 (1-603-1) 



= 5,418 in.-lbs. (3) 
= 3,382 in.-lba. (4) 



Now, thL 

1<«^, W, at the di 



of the couple at the brake-wheel, due to the 



Hence, from (3), ■W = 
Oi; irom (4), W = 



■ Wx7x — 

w X / X g( 

5418 X 20 



= 15,480 lbs. 
^ 9,663 lbs. 



This example shows at once the importance of attending to 
tlie direction of rotation of the brake-wheel when the ioad is 
f'Mig Jowered, before fitting up the brake appliance. The rule 
■3, therefore, to make the tight end of the strap tlie fixed or 
wmwaife mid, and to attack the Black end to the shorter arm. of 
rte frraie lever^ By an inspection of the an-angement, it becomes 
evident that for one direction of rotation of a brake-wheel, the 
friction between the strap and its pulley assists the effort on the 
lever, whilat it opposes it for the reverse direction. 

Paying-Out Brake for Submarine Cables. — When a brake-strap 
exceeds 2 or 3 feet in diameter, it is usually fitted throughout i( 
inner surface with wooden blocks — preferably of hornbeam c 
Wch. These are screwed to the stee! strap from the outside 
thereof The "paying-out gear "for the laying of submarine 
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cftbles (see accomp&syuig illuatratiua) always contains one or two 
of these larger braktiu of from 6 to 8 feet in diameter. The cable 
aa it comes from the tanka of the ship ia coiled foor or five times 
round the paying-out drum, from which it then paaaeB aft uuder the. 
dynamometer pulley and over the atecn sheaves into the aea. Now, 
a restraining force must be applied to the cable in order that it 
may be laid as evenly aa possible along the irregular bed of the 
uceaa, with just the desired amount of alaok, ao as not to put 
too great an initial stress thereon, and to permit of the cable 
being lifted for future repairs, without having recourse to cutting 
the same, when in moderate depths say up to 1,000 fathoma. 
This restraining foree cannot be directly put upon the cahla 
without injuring it, so recourse is had to the device of fixing 
one or two large brakes, of the Appold type, to an extension 
of the paying-ont drum shaft. The accompanying figure will 
serve to indicate to the student the kind of brake generally 
employed for this purpose. The engineer in charge calciUates the 
necessary stress required for the particular type of cable, depth of 
water, and speed of ship ; and after making his calculations he 
applies the desired weights, W, at the end of the brake-lever. 
The brake runs in a 
trough of water, so that 
the heat generated be- 
tween the wooden blocks 
and the brake-wheel may 
be carried off quickly, aa 
well as to ensure that the 
coefficient of friction may 




Appold' 



SUBHARIS" 



possible. In order to test 
whether too much or too 
little slack is being paid 
out at any time, the en- 
gineer adds a slight ex- 
cess of weight over his 
calculated amount, W, for a short time, and then subtracts ft 
slight amount for an equivalent time ; when, by aid of the tacho- 
meter or speed counter on the paying-out drum, and the ship's log, 
as well as the known length of cable for each revolution of the drum, 
he ia able to permanently adjust the required amount of brake- 
weight during a run of several nauts for a uniform speed of the ship. 
Differential Braice for Lord Kelvin's Deep - Sea Sonndint 
Machine. — Another interesting illustration of the application of 
a brake to marine purposes is contained in Lord Kelvin's deep-sea 
pianoforte- wire sounding machine. The object to be attained by 
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DYNAMOMETERS. 

Aia differential brake is to put the necessary restmiuing foro« 
npcn tile sounding wire aa it is lieing lowered, and to euddenljr 
atop the eame immediately the lead reaches the bottom of the 
Mean, so tliut.tLe correct depth may be registered by the counter 
itWcLed to the wire-drum. The brake weights are attached to a 
rope whioh passes over, and is fixed to the larger pulley (ahown at 
lie right-hand top comer of the Bgiire), whilst the brake-wire ia 
sttiched to a Eraaller pulley on the same spiudle. This bruke-wite 
puses round a V-groove on the aide of the drum containing tha 
fwuoforte wire, and its other end is fastened to the framing. 
Wheu heaving up the pianoforte wire from a great depth with the 
"lead " attached thereto, it was found necessary to take a turn of 
the fionnding-wire round the " sti-uin-relieving pulley " in order 
'o jireveut the drum being damaged by the constant 1 
tile sounding- wire. 

Djnamometera.*. — It is frequently of great practical importance 
teascertain by direct experiment the "nett" power developed by 
Motors or expended in driving machines. For example, steam, 
EM, and oil engines, turbines, water wheels, and electric motors, 
^c, are being designed, made, and sold every day to drive 
Machinery of one kind or another. It is, therefore, surely far 
'''tter, both for the buyer and the seller, to know the exact "Urake 
Iwfse-power" (B.H.P.) which a generator will develop at a certain 
^ed and under a certain mean preasui-e, than to vaguely talk of 
tos "Nominal horse-power" {N.H.P. whatever that may mean); or 
"en to apeak of the "Indicated horse-power" (I.H.P.) in the case 
"engines; or the "Gross horse-power" in regard to hydraulic 
"wchines; or the "Electrical horse-power" (E.H.P.) with respect 
l* dynamos. It is also sni'ely far better to know exactly the 
BrsSe horse-power which a certain machine, or even a section or 
toe whole of a factory requires when worked under certain con- 
^tiona, than to make a rough guess at the amount from vague 
Mta or even previous general experience. For, it is by aid of such 
^Ws that the " mechanical efficiency " of the motors and machines 
ran be accurately determined and further improvements take 
pW in raising their efficiency. 

It ia, therefore, with a certain pleasure that the author places 
jtfote the student a few of the many devices that have been 
'ovented for obtaining the brake hoi-se-power developed by motors 
If required for dri\ing machinery; because, he has been per- 
■"stently advocating the adoption of this system of ganging power 
*W many years. Ever since the introduction of electric lighting 
•"d the transmission of power by electi'icity, this view of the 

aigni. 



4 





144 LECTURE Vlir. 

has year by year become more appreciated and been taken adiin- 
tage of. It is not too rouch to say, that tlie geneml eugiueer h» 
been greatly indebted in this respect, to his colleague the electrical 
engineer. For all powers up to 200 H,P. or ao, there b no 
practical ditficulty in making exact brake tnals ; and probably iu 
the near future, we ahaU aee engines of 1,000 H.P. and upwardi 
tested and paid for by this uniforDi and reliable standard. Tlien 
are two raain types of mechanical dynamometera— (1) Abaorptiira 
or Friction Brake ; (2) Tranamissioo. Absorption dynamometers 
absorb the work which they help to meaaure and disaij>ate th« 
same as heat. Whereas, transraiasioii dyuamometera paaa on 
tha work wliich they help to measure, and only waste a small 
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Obiockal Pboxt Brakk Dymauoueteb. 
IXDEX *o Pabts. 
W B for Wooden bloeks, i I B f or Stiff iron bar. 

D „ Drum ur vultcy. SB „ Salter's balance. 

S „ Driving slinft. CW ,, Countar weight. 

£, bi „ Boltawitb ram's tiorn nuts. { AN „ Adjusting nut. 

fraction of the total work delivered to them. In the first iuatBDOR) 
we ahall describe with an example the Proiiy brake, because it will 
form an easy introduction to more recent and perfect kinds. 

Absorption DynamometerB.— Prony Brake. — This dynamometer 
is only a particular application of the friction brake already men- 
tioned in this Lectui-e. Aa will be aeeo from the following 
figure and " index to jiarts," a pulley or drum, D, keyed to the 
abaft, S, is gripped between two wooden blocka, W B, which may 
be tightened or loosened (as required to produce more or less 
friction between them and the pulley) by turning the ram's horn 
Duts of the bolts, h^ b^ An iron bar fixed across the top of the 
upper block (or, if preferred, along the bottom of the lower one) 
is balanced by a counter weight, C W, and has either an adjustable 



METHOD OF TAKING TEST FOE BRAKE HOItSE-POWEl 

Teiglit or H Salter's spring-balance, SB, fixed to the other end 
at a known distance or radius, r, from the ceutre of the shaft. 
Or, the counter weight may be dispensed with, and the bar ex- 
Itnded to the left side instead of to the riglit, and allowed to 
press upon the piatform or table of an ordinary Pooley weighiug 
iiiMLine.* 

Method Of Taking Test for Brake Horse-Power. — 1. Adjust 
pMitioii of W until it balances tlie weight of I B, A N, and S B, 
with the wooden blocks slack on the pulley. 

2. Start machinery aad tighten blocks, W B, by the ram nuts 
until the desired speed is attained. At the same time, adjust S B 
liy nnt, A N, until a balance is obtained, taking care to keep I B 
fcl by aid of a length-rod or pointer. 

3. Note number of revolutions per minute by a tachometer or 
•pMii icdicator if great, or a counter and stop-watch if slow. 

i Note the stress indicated by spring balance. 
Then, the hoi'se-power absorbed by the brake is obtained from 
the formula : — - 



E.H.P. = ; 



- Radius or horizontal distance from centre of 
balance to centre of shaft in feet. 



w.» 



1 = Number of revolutions per minute. 
? = Pull indicated by the Salter's balance. 

-33;^0O = -''°^^''«* = ^^™^^"*- 
B,H.P. = -0001004 X r K It X P. 



I 



EiAjiPLE II. — A small fast-speed Westinghonse engine was 
fitted with a Prony brake of the form just described. The fly- 
wheel was 2 feet diameter and 6 inches broad. The horizontal 
distance from the centre of the crank-shaft to the centre of the 
tpriog-balance was 2'5 feet ; the mean revolutions per minute 

' Thifl latter method of registering the forces produced by the friction 
batwecn llie revolving pullej; and the stationary wooden blocks is very 
tundy, when en^GS «e having their steam cod sumption regiatcred for 
long continuouB runs, during the process of getting their bcariEg Hurfucea 
into good working condition. Any alteration in the balancing force is 
«uily effected by simply ahiftijig the small adjusting weight along the 
ligbt ftnn of the weighing machino, and little or no attention need ba 
I>*id to ihe brake lever. Besides which, there can be no danger to the 
•ttendant in the case of the pulley firing Eind seizing the woodea blQc\t&, 
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wi-ci- 624, and the meau jjul! on tie spring -balance was 48 11* 
Fiiiii the brake horse-jiower. 

I Or, by logarithinB : — 

W. ■0001301 = 4-3797 
= 0-3979 



Hero, r=2-5ft;n = C24;P = 481b! 
.■.H.P. = -000 1004 xrxnxP 
.-. H.P. = ■0001004 ^ 2'3 i. 624 < 48 
.-. H.P. = 14-28. 



,624 

■ 48 



Autilog. of 1-1540 = 14-28, 



It ifl importaut to nott.', tliab neither the diameter of tlie 

( pressure of the friction blocks on the same (dut 



ths 



weight of the apparatus or the tightening of the ram nuts), 
the ooeffioient of friction enter into the formula for obtai 
the horse-power. The only data required being the horuont^ 
length of lever, r, the number of revolutions per minute, n, and 
the ]iiill, P. 

For, let p, be the pressure, and /, the coefficient of friction 
between the fiice of the drum D, and two brake blocks WB, 
then the twisting moment T, tending to turn the brake blo^ 
round with the shaft ia 

T.2p/«r, 

Wliei-e ?'j is the I'adiua of the pulley or dntm, D, in feet. 

But this twisting moment is balanced by the pull ou the spring 
baluuL-e, P, multiplied by its leverage, r. 

•Ipfr^ = Pt-. 

The angle turned by the pulley or drum, D, per minute = 2^?! 
radians, and since the work done by a couple, is the jiroduct of iB 
moment into the angle through which the body turns : — 

The work absorbed by friction = The work dune per minute in 
foot-pounds. ^^- 

Or, 2p/r,K3..«=Pr^2a« H 



B.H.P. - 



2<T ruP 
33,000 ■ 



Improved Prony Brake. — Another very useful and practiol 
form of Prony brake is tliat shown in the fbllowitig figure. It i» 
more suitable for larger powers and larger pulleys or flywheels 
than that shown by the previous illustrutiun. 



ISIPROVED PRONY BKAKE DTrNAWOMETER. 



W aud tvro noodt^n bki.k >Lc 
\\\a steel straps S H ttted with 
Uueb W B placed about " 
pnmllT made of tb(. 



idth 



count«rbald&co weiglit 
ire replaced by one or 

large tiumbei of Iiaid woodi 

i'i afait Tlithe I In tits ax' 

the lijwli«el FW ni«i 



■Inch they beai and they itrL kept from s'lippMig to c 
M lie oilier by a nniulier of metal clijiB C C screwed c 




Ikfrotbd Pbont Bkake Dtnamoiiieteb, 

™ of them. On atartiiig the engine, the adjusting nut, A N, 
l qnite slack iintil the desired speed has been attained. 
iLea gradually turned until the necessary pull is registered 
tftlie Salter's balance, SB. Should this tightening up of the 
lnike-«trap raise the pointer, P, above the level line, P S, then the 
■ijnsting link between S B and P will have to be turned i: 
liRction that will bring P down a little, when a slight slackeDing _ 
A N will probably let P down to the level mark, The spii^ 1 
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spring, S S, between tbe otttstauding lugs of the brake-3tni|i, serrei 
to give tbe brake a little more.elasticitj than it would othervrise 
have, and also keeps these lugs hard against the bead and nnl o( 
the adjusting bolt. After the desired speed and }m\l liave thus 
been rendered fairly constant, a eet of readings should be taken 
every ten or fifteen minutes over a jieriod of several hours, uii 
the mean B.H.P. obtained from the mean speed, n, and puU, 
F, and horizontal distance, r, in exactly tho same way as in 1^ 
previous example, viz. ; — 



'33,000 ■ 



.H 



It will be evident from the figure, and from what we said 

the ordinary Proiiy brake, that the Salter's balance may he replaa3 
by a Foaley weighing machine reKtiog on the ground, and a atiff 
vertical bar fixed between the bottom of the adjusting bolt and 
the platform of the weighing mschine. 

Appold's Compensating Lever.'* — One of the beat known fonna 
of friction -brake dynamometers fitted with a compensating devioe, 
ia that designed by Mr. C E. Amos and Mr. Appold, and wag 
the form used at one time for large jwwers by the Royal Agricul- 
tural Society. It is similar to that shown by the previous figure ; 
but, besides a hand -ad j listing screw at AS, it is provided with ■ 
compensating lover, E D, by means of which the rise or fall of 
the load, W, is attended with a decrease, or increase, in tension on 
the brake-strap, so that a position of equilibrium may be auto- 
matically attained without causing inaccuracy in the iDdicatinns, 
With a given tension in the brake-atrap, and with the load, W, 
carried so that its point of suspension, A, is opposite the pointer 
mark, — > , the lever, E D, takes a vertical position ; bat as 
soon as the load, W, is lifted, the lever pivoted at E, moves round 
to the left hand, and virtually increases the length of the brake- 
strap, and thus slackens it, allowing the load again to descend. 
If, on the other hand, the total friction decreases and is insufficient 
to carry the load in its normal position, the descending load 
presses round the point of the compensating lever to the tight, 

• The following four figures are from The Proc. Ijml. CM, vol. ICT., 
Seaaion 1888-89, by kind pDrmUaion of the Council, from a Paper by W. W. 
Beaumont, M.Iiiat.C.E., on " Friction Brako Dynamomet-ers, " whioh li6 
student ahould conanlt, not only for the infomiatinn contained in the 
paper, but alaa for that derivable from the excellent and exteniii'e 
diicnasion. For a description of " Fronde'i Turbine Broke," see Dr. 
Edward Hopkinson's and Mr. R. E. Fronde's remarks on Mr. Beaumonl'i 
paper, oa well aa Prof, Osbome Reynold's paper " On tbe Triple-Eiq»B»ion 
Engines and Engine Trials at the Owens College, Majichester," Ptm, 
Inal. C.E., voL soii., Session I889-9a 
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llinstightening the Strap and increaHing the frictional grip until the 
conditioiiB are again Each as will eDa.ble the lever to reaaaums the 
vertical position. If the change in the jxisition of the point of 
Bospenaion of the load has been due to a temiKH-ary cause, thia 
kUomatic action ma; restore the balance without further adjust- 
iKiit; but if the departure from the normal position is not small, 
■ften adjastment by hand-screw at A 8 mast be resorted to. It 
■nil be seen that the compensating action cannot come into play 
KWpt by the rise or fall of the weight from its proper position, 
ind hence the value of the device is confined to its power of 
Siting that rise and fall. 

So long as the Appold brake is not used for more than 15 H.P., 
•nil ia sufficiently, but stil! sparingly, lubricated with tallow or 
net, the friction between the wooden blocks and iron wheel is 
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Bnfflcient at ordinary speeds to balance the load without tightening 
the belt-strap. Under these conditions the compensating lever 
ioes not sensibly affect the results, since the pull on it will not 
lie more than a few pounds. The conditions are the same as, or 
W17 similar to, those which would obtain if the brake were with- 
out a compensating lever, but with a strap so slack that the 
bottom blocks barely touch the wheel. 
In the coiTcspondence upon Mr. Beaumont's jiaper, 'Pmtesea'c 



. Alexander and Mr. A, W. ThomBon considered 
Appold brakt^ gave aecnrate results when it was used properly. 

Let W = Load on brate-strap (see foregoing fignre). 
„ Tj Tj = Tensions at two ends, C and D, of strap ooona* 

to lower ends of compenaating lever, 
„ P = Pull on ui>per end, at E. of this lever. 

„ r, r., = Radii of brake-Btrap and wheel respectively 
„ F - Total friction of brake-strap. 

Snpfioae the lever, E C D, to take some definite fixed p«Hi^o 
say to the left of the vertical when the engine is working smootbl] 
In this position, the lever may be supposed to be fixed to tk 
ground. The tension of the brake-blocks on the lever towatt 
the right at C, and left at D, are represented in the figure byl 
and Tj,. On the other hand, the reactions of the lever on it 
brake-blocks are T^ towards the left at C, and Tj towards the rigl 
at D. Then, since there is equilibrium, the sum of the momeii 
round the centre, O, of the weight, W, the friction of brake-blo^ 
and the tensions, Tj and T^, is zero. Now, if we consider ti 
lever aa not fixed to the ground, but pivoted at E, then R, tb 
reanltant of T, and T,„ ninst pass through E. T, and Tj may 
be replaced by R, and the sum of all the momenta round ' 
again zero. Resolve R into vertical and horizontal component 
V and P, acting at the point E Since E is vertically under ( 
the line of action of V passes through 0, and its moment is wi 
and, therefore, the sum of the moments round the centre, 0, 
the weight, W, the friction of brake-blocka, and the horizoati 
force, P, acting towards the left at E, is zero ; that is ; — 



W ri = F rj 4 



( 01 



The amount of this horizontal force, P, can 
by a spring-balance. With a low coefficient of friction, the tenaiC^ 
on the brake-strap has to be increased ; and since the ratio ei 
ing between Tj and Tg is constant, depending on the proporti 
of the lever, it folloWH ^at P may be of considerable amoQ 
and any quantitative results calculated without taking it ii 
account will he erroneous. With a high coefficient of friction tl 
force, P, may be small, and the results might probably be not A 
wrong, even if P were left out of account. In every case, hoi 
ever, where accnracy is deaited, the moment of P must l 
eidered. ■ 

Professor A. B, W, Kennedy in his paper on the " Use aM 
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Equipment of Engineering Laboratories"* says, tbat if the 
-^lipoid pendulum -lever is need in any form for the automatic 
tdjuBtmeDt of the brake, it eliould be so arranged tlmt ita 
™n pressure cau be measured anil allowed for. He prefers to 
w tiijs brake in the manner illustrated by the accompanying 
Sgnre where the small weight, lo, is adjusted from time to time in 
order to keep the brake always floatiug freely. The changes in 
liia weight have to be noted, and the necessary allowance made 
in the Galculatiou for the B.H.P. He also believes that the side 
pressure, P, of the npper end of the pendulum-lever, as it was 
irranged in. the Royal Agrieultui-al Society brakes, if not measured 
iind allowed for, causes a very cousidei-able error in the calcniated 
power. He also thinks that the brake should be large enough to 
run dry, as it is much more easily kept under control under these 
oiromnstancea.t 




ImsovKD Method 



Dynamometee, 



Seniidrciilai Strap Dynamometer. — One very simple form of 
dyaainonieter which avoids the objections previously mentioned 
in r^rd to the Appold compensating lever, is shown by the 
following figure. Here, a semicircular strap of leather, or a 
Munber of ^- to J-iuoh wires or steel bands, lined with hard wood, 
(re attaebed at one end to a constant weight, W, lbs., and at the 
other end to a Salter's balance. The weight, W, should be 
tethered to some fixed bolt in the floor by a slack piece of flexible 

■ See voL IxxiTiii. {2Iat Dec, 1886) of The Proceedlngn nf the InstilMion 
^ Chil £7iiiinreri, London, for Prof. Kemiedy'a paper. Also see The 
Mtchanics i^ Machinery, \ij Prof. Kennedy, pubUahed by Macmillim &. Co,, 
p. 032. 

t The student will observe that this method of using the Appold 
M a dynamometer, is Vac samo as that referred to at the beginning of 
Lecture, for restraining a sabmarine cable from passing too rapidly 
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rope in order to prevent the po^bility of it being cairied bodily 
over to the injury of the attendants in the case of the pulley tiring 
an-l gripping the brake. If the flywheel or ptilley revolve in the 

direction shown by the arrow, and the pointers, >■* , are 

kept level with eaeh other, then the net pull on the brake will 
be (W - R) Ihs., where S ia the sti-eas registered by the Salter's 
balance. Hence, if r be the horizontal distance in leet from the 
centre of the shaft to the vertical centre line of the weight, W, 
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T!ie work done per ToimUe o. 
the pulley and dissipated i; 



\- 



i(W - Sjfoot^ba. 



And, the B.H.P. = 2^rn(W - S) -=- 33,000. 

This form of absorption dynamometer has several objections : — 

1. The lubrication requires cousiilerable attention. (This fault 
ia also common to all the previously mentioned dynamometers.) 

2. The oil, grease, or soapy water used for lubricating the face of 
the brake-wheel bespatters the floor, ic, and the ohserver's clothes, 
unless the precaution is taken to thoroughly encase the lower half 
of the wheel. (This objection is also common to the previously 
mentioned dynamometers.) 

3. If everything is not perfectly adjusted and running quite 
smooth, oscillations producing a hunting up and down action set 
in, due to variations in the friction; and conKeqiieutly, considerable 
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ing and frequent observations Lave to tie tuken of the Salter's 

These several olijectiona are entirely obviated by adopting the 
rope-bralie which we Bhall uow illuatrate and describe. 

Society of Arts Bope Dynamometer.*^The jurors for the 
&mou3 gas engine trials, held under tim uuspicea of the London 
"Society of Arts" in 18S8, were the first to publicly use a rope- 
brake ID any extensive series of competitive trials, and hence the 
general uanie which has been given to this very simple and 
excellent form of brake. But, as will be seen from our footnote. 




ICtBTT OF A BIS BOFE DySA^OUBTBR. 

rope-brakes had been designed and used prior to these tests by 
at least four well-known persons. As will be gathered from the 

■ The first rope-brake of which wc have any record was invented by 
8ir Wm. Thomson, in 1872, and applied to hia deep sea aouDding machine 
U^vionaly described in tbis Lecture. Prof. James Thomson, of Glasgow 
'Oiurersity, devised a ropehrakH crgometer prior to 18S0, eae E-ngineering, 
Clot. !9, IgSO, p. 379. An almost ideotical compenEatin;; rope-brake waa 
also invented by M. Carpenter, of Paria, in 1880, see Proc. JnuL C.E., 
voL kiii, (1881, part I.], p. 404, For a modification of this brake, by 
Plot. Barr, of GlaagOW Dniveraity, whioh is very similar to that afterwards 
used by the "Society of Arts," see Proe. Imt. C.E., vol. Ixixviii. (1887, 
pttt II.), p. 110, and also vol. xov. (1889, part I.), p. 31. 
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following three sets of figures, tliia brakfi consists of an. eodl^s^ 
flexible vope, douliled round a, pulley or the flywheel of an engirmj 
and fitted with several I | shaped wooden distauce jiieoea, M 
order to keep the two parts of the rope uniformly apart aKM 
also to prevent them Blipping off the wheel. These distani 
pieces or clips slioiild be secured to the rope by soft cojjper wi: 
lacing, drawa in from the outside of the clips and then thi-ougb tb 
centreof the rope, instead of being fastened thereto by nails or sere*! 
from the inside ; for such latter metal fastenings are liable to pari 
to heat, and, consequently, char the rope. The rope should bs 
thoroughly stretched and treated with castor oil or grease and black 
lead powder, prior to its being fitted to the wheel and to the olip^ 
whenever long and important tests are desired. No furtli 
lubrication ia required, and consequently the first and seeoi 
defects mentioned on a previous page as pertaining to strap-brakes 
are entirely avoided. If large powers are to be demanded from 
a wheel of limited size, then it should have its rim of L—^' 
section, so that a small stream of water may he played into th< 
inside of the hollow part of the rim, which water wilt help veq 
materially by its evaporation to dissipate the heat generated t^ 
the friction between the brake rope and the outer surface of thi 
wheel. The surface of the pulley should he flat instead of rounded 
in order to get the rope to work perfectly smooth, and a trial nq 
of a few hours prior to the special test is advisable, in order t 
bring about a small fiat glazed surface on the rope, which glazin 
is materially assisted by the previons application of the black 1m 
powdei-. For anything up to 5 B.H.P. at 1,000 or more feet p 
minute of friction surface speed, the author has found tfaab 
flexible ship's log-line ahont '3 inch in diameter with a double tQi 
round the wheel forms an excellent brake rope. From 5 to i 
B.H.P. a -S-inch diameter manilla rope serves the purpose. FM 
10 to 30 B.H.P. a -e-inch rope will do, and for 100 to 150 B.H.3 
(at about 4,000 feet per minute) four turns of 1-iuch rope on' 
large 16 feet diameter flywheel runs quite cool, as may be se; 
from the last example on absorption dynamometers iu this Lector 
Advaatages of the Bope-Brake. — The author has tested a lar^ 
number and variety of motors with tlie rope-brake, and he considei 
that it has the following advantages : — 

1. It can be constructed on short notice, from materials alwaj 
at hand, in a factory or workshop, and at little expense. 

2. It is so self-adjusting that very accurate fitting is not required: 

3. It can be put on and taken off the brake-wheel in a very 
short time. 

4. Being comparatively light and of small bulk, it can be hung 
tip oa the wall cf the testing room, or laid past in a cupboard foe 

future use. 
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5. It requires no attention whatever for lubrication, if "tbo 
previously mentioned precautions aa to ti'euting aud fitting tc=' 
same are attended to. 

6. The back pull registered by the spring-balance may t>0 
rendered very steady and of amall amount by properly adjusting 
the weight, W, prior to the commencement of the recorded brat^ 

7. The brake-wheel, if of thepi-opersize, soon attains a maxiraani 
temperature, so that the radiated heat equals that generated hy 
the friction. 

8. It may be used for very small as well as for large powers. 

9. For lai^e powers more and stronger ropes are only required on 
a comparatively larger wheel, and with the water cooling device 
mentioned in tbe previous section. 

Teats of Engines with the Rope-Brake. — After what we have ' 
stated, three examples of atich tests will suffice to show the student 
the wide variety of cases to which the rope-brake may he applied. 
The first is that of an Acme gas engine of about 19 B.H.P.; 
the second, that of a Brown's fast-speed rotary Hteani engine;* 
and the third, that of " Field's combined steam and hot-air 
engine."t The reenlta of the first two are given in the first table, 
and those of the third in the second table, together with a graphic 
diagram of the more important oonclusiona 

Fig. 1 shows the arrangement of dead weight and Salter's 
balance used by the author in testing the " Acme gas engine," 
and Fig. 3 the way in which he applied two spring balances to 
the brake rope in case of "Brown's rot-ary engine." The latter 
plan has, under certain circumstances, particular advantages over 
the former. By the selection of two spring balances with difierent 
periods of oscillation, the tendency to jerk or "hunt" may be 
considerably reduced, or even entirely checked. Also, the nett 
brake load {i.e., P, the difierence between the simultaneona indica- 
tions on the two balances) may be kept constant throughout the 
■test This permits of the logarithm for 2 ff r P -r 33,000 being 
ascertained and written down as a constant, prior to each observa- 
tion, so that the only variable to be recorded is, n, the revolu- 
tions per minute. Consequently, the B.H.P. for each observation 
may be known within a minute or two after the mean speed has 
been noted, and the complete data may then be plotted to scale on 
a graphic diagram before taking the next observation. 

*See Proceedings of the Iiiatitation of Eagiitters and Shipbuildera in 
Scotland, vol. xxxv., Seaeion 1891-92. 
■Ubid., vol. smviii.. Session ia9i-95, for the autlior'a papers on these 
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LntalJoQ of tests ill hoars, . , . . 
InitisI giu or atcam presBore in lbs. per sq. in. 

aWe atmosphere, 

Final gua or steam presBure in lbs. per aq. in. 

above at moeph ere, 

dA^ of brake load in feet 

■Hn revolutionB per minutP, 

■Hw nett kral^e load iu Iba 

P<bB.H.P 

Biui ob. ft. or steam ia lbs. perB.H.P.-hour, . 


4 

150 

1 
2-771 

154 
231 

18-77 

1913(1>.[L 


6 
So 

1-5 

2-042 
674-5 
93-2 
20-8 
37 91k 



The author was recently reqneated to test and rejiort npon a 
aetf depm'tare in the use of steam in steam engines. He has, 
therefore, much pleasure in placing the results of his experimeats 
on " Field's combined ateani and hot-air engine " before the 
student, because (1) they show one direction ju which economy 
may be attained by preventing the condensation of steam in the 
cylinder; (2) the brake used was one of the largest in this country; 
(3) the table and the graphic diagram of results will form a useful 
example in case the student should be called upon to undertake 
similar tests. 

This invention is the joint design of Mr. Edward Field, 
M-Inst.M.E. (inventor of Field's well-known tubular boiler), and 
Mr. F. Saunders Morris, M.InstM.E., working in conjunction 
■with Messrs. Musgrave & Co., of Bolton, and Mr. George Dixon, 
their chief engineer.* 

It consists of a hot-air pipe connection to the jacket and to each 
end of a single cylinder non-condensing engine. 

A Hoots' blower, driven by the engine, di-awa fresh cold air 
from the engine-room, and forces the same through a series of 
heating pipes placed in the main flue between the boiler or boilera 
and the chimney. This heater therefore occupies pretty much 

• For a eomplet* set of aectional figures of the cylinder, general arransje- 
ment of plant, and indicator disgrains, egh the author's paper on this 
subject, vol. xiiviiL, Proceedingn of the Institution of Eagincera and Ship- 
builder* in Scotland, Session 1894-95, from wliicli we have been kindly 
permitted by the Council to use the following two figures . ■. . - 
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meats, at j 



The 
tainetl, in my expt-rimenl 
meau |}rt;Bsiire of IJ lbs. on ' 
square iucli, and delivered to 1 
enda of ttie cylinder at a Du 
temperature of 553° F., and 
tUe valve-caxing jacket at aboi 
380° P. This liot air was adnrf^ 
ti^jl to the cylinder throngfaspecii 
cylinder covers, each contaiuin 
Ave inlet valves, which automat 
cally opened inwardB as soon 
the exhaust steam commeuoed 

These valves continual 
open until compression col 
nienced, being held close to thi 
seats by light spiral spring 
Consequently, the whole intemi 
surface of the cyliuder 
up to a temperature far ext 
that of the steam, thus prevent 
iii)<tl]e possibility of condensatdoa 
taking place within the cyli 
Undei' these circumstances, thi 
excellent result of 18' 
steam per I.H.P.-hour was ob 
tuined from a single cflindei 
non -con deu sing engine — a lesul 
which, as far as the author cai 
leam, has never been equalled b] 
any other method of using stean 
in a single cylinder, and widiool 
subsequent condensation. 

Brake Gear. — The large if- 
wheel, of fully 50 I'eet iu circum* 
fei-ence and '20 inches in width, 
was used as a brake- wheel. 

Inliex to Pasts. 
P W represents flywheel. 
R. to R^ ,, ropBB. 

W B „ wooden boam. 

Tl: „ tighttming geu 

SB ,, Hprin? bi^OB 

lPl,rPs.IP3, „ ironnlatei. 
W „ weigW 
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rilia flywheel wim encircled by four parts of a strong and flexible 
e, 1 incli in Jiatneter. The inner ends of this rojie were 
iciied to a spring-balance, tighteniug gi^ar, and wooden beam, 
■le the onter ends were connected to a Hied weiglit, consisting 
learly 1,000 Iba, of cast iron for the first day's trial, and about 
-third of that for the second day's run. 
fi other wordB, the dynamoinet^r was an excellent and lat^ 
D]ile of what has now come to be termed the " Society of Arta' 
^e.'' It worked perfectly, and there was no undue Jieating 
"liere. This was no doubt partly due to the stream of water 
-h played on the inside of the ^^^ shaped Hywheel, to the 
! Surface, and to the strong draught caused by the fan action 




. the wheel. As far as possible, however, m 
1 get between the rope and the flywheel, i 
If kind was applied to these parts. 

Ciiunler.— The nnniber of strokes and refolutiona per minute 
*re obtained by aid of a " Harding's counter " fixed to tlie crank 



ift. 



Teats, — First of all the permanent data marked at the top 



ip of the ^ 
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table were carefully checked. Then, simultaneous observations were 
taken every twenty minutes of eacli of the itenis marked in columES 
1, 2, 3, 7, 8, 11, 12, 13, 14, 18, 20, 21, 22, 23, aud 24. The 
figures in coluDins 4, 5, and 6, relating to the mean pressure in. 
the cylinder, were obtained from the indicator cards which were 
also taken from each end of the cylinders every twenty minutes. 
The figures in the other coliimns were either calculated or obaerred 
aa required at the times stated io the respectiye columns. The 
more important obRervatioiiB and calculations are drawn to stale 
on the foregoing graphic diagram. 

Transmission Dynamometers*— von Hefner-Alteneck or Siemens 
Dynamometer.— Transmission dyDamometers may he divided int» 
two classes — (1) those which help to measure the work tnvDS- 
mitted by a belt or set of i-opea ; (2) those which help to measure 
the work transmitted by a shaft. Of the tirst class, one form which, 
has been used largely in dynamo tests is the Alteneok-SiemflM 
dynamometer. The genei-al arrangement of this instrument i» 
shown hy the following diagram. f Power is transmitted from the 




* For a deaoription of Worin'a Traction, Rotntocy, and IntagratiDg Dyoi- 
raomators, Bee Prof. Macquhorn Rankme a Vanuai o/ the Steam EiujIik and 
other Prime Movent. For a description of Morina, Webber's (aiiniiar to 
White's), Brif^'s (modification ot the AltenecL Siempne'}, Tathani'l, 
BraoUett's, Webb'a, Hartig's, Emmerson'a, Von Winkle's, and Plathet'B 
traoGmiBsion dynamometers, see Dynamometers raid the Aleaaia-dmeM of 
Fomer, hy John J, Flather, Ph.B., published by John Wiley & Sou^ 
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pulley A to tlie pulley B, thi-ough a liiixible leather belt, C, which 
["isBee through the dynitmoraeter. The apparatus cQiisiata of a 
iwjlangnlar framework, D, with idle pnlleya pivoted ut the four 
wriiefs, E, F, G, H, and two other idle pulleys, 1 and M, also 
pivoted to the frame. In ailditioD, there is a movable pulley, P, 
stlaclied to a lever having ite fulonmi at M, and its other end 
wnnectBd to a dash-pot or pump-brake, whereby any sudden 
jerking motion is lei>sened. The tight side of the belt tends to 
liftlhiB pulley, P, while the slack aide presses it down. Attached 
to the lever at the centre of P, are two vertical rods, R aud Y. 
Iliii Rid, K. terminates at its lower end in a spiral spring, S, the 
teDBOft of which is adjusted by the handle, T, and indicated nii 
I, Z. The rod, Y, tenninates at its upper end in a small 
ivotsd at 0, This lever carries a weight, W, and is pro- 
a ptointer which travels over a scale on which there is 
. — fc, m. The instrument having been fixed in position, 
8x handle, T, is turned so as to bring the pointer of the top lever 
h) thfl mark, m. The reading on the scale, Z, is tbfU noted, and 
the engine started. Instantly, the upper pointer will tall below 
I"" mark, m, on account of the pulley, P, being lifted ; but this 
niirt now be rectified by turning the handle, T, so as to increase 
the pull of the spring, S, until the pointer again stands at m. 
The reading on the scale, Z, is again noted, and the former reading 
"nbtnoted from it Simultaneously with these observations, the 
Telocity of the tielt must be observed by measurement of the 
•pwi of the pulley B. Let r be the radius of the pulley B in 
'Mt, n its revolutions per minute, P the difiereuce between the 
'•0 readings on the spring scale, Z, and 4 a constant which is 
Bmhi on the instrument. Then ; — 



" 33,000 A ' 

*hici is the same formula we had before in the case of the Prony 
We and the other forms of absorption dynamometers with the 
Mwption of the constant A. 

The difiereuce between the two readings on the scale, Z, con- 
filBtes the difierence of the tensions in the rod R when the belt 
" doing work and idle, and is proportional to the difi'erence of 
^'iuns in the two sides of the belt when driving the pulley E. 
"e oroafant & is necessary from the fact, that only the vertical 
■^mponents of the tensions in the belt affect the rod R. If S be 
""eingle between the belt (where it leaves the pulley P) and the 
'^ticsl diameter through P ; T^ aud T, the tensions in the dkea^i 
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H 


or tight ai 
of the belt 


Ill slack Hides of the lielt resjiectively, and v 
; in feeC [>er minute {or 3 (t r n), then : — 


the"^^ 


Mett pull 


on apriug S = P = Differetice of tensions ii 


arodH. 




P = 2 Td cos ^ - 2 T, cos fl = 2 coi 


^^{Td-T,> 


U. 


Td -T, = 2^^, and A = 2 cos A 




Again, 


tiie a.r .^.^^^^^ _ 33,0OU x 2 co.. t 


I ~ 33.(l00i" 



Rotatory TranBmission Dynamometers — Epicyclic Train* « 
King's, Ifniite'a, and Webber's Dynamometers. — The term "epi- 
cyclic twin dynHtiinnietBr" 13 applied to those of the second class 
of tranainiHaioo dynamometers which help to measure the woi'k 
in a shaft by transmitting the same througb an epicyclio train. 
Tlie effort exerted ia measured by means of the forco required V>- 
keep the train-arm at rest. The following figare mill serve W 
explain the principle (although not 
tbs full detaUs) of King's, White's, 
andWebber's transmission dynsm"- 
The bevel wheel, B, is 
by a motor, and it trananit* 
Its motion through the intermediate 
wheels on the arm. A, to the bevd 
wheel, C, which ia connected to tin J 
working macfainei-y. The tmiu-arfflJ 
A. is kept steady and level bj H 
There ia usually a couutefl 
the left-hand middlfl ! 
the longer s 




J work 
mid, therefore, refflsin 



Epictclic Train Dtnamomkteb. 



weight or apnng attached thereto, 
weight on a abort extension of this awn, A, 
be\ el wheel, which weight serves to balat 
Suppose the arm, A, to be permitted to 
would be transmitted from B to 0, and C v 
stationary. In this case, the number of rotations of A, in a gi'*" 
time, would only be half that of B. Consequently, a weight plwed 
on B at a certain radius from its centre wonld balance double thft' 
weight at the same radius on the arm, A. Therefore, the moment 
of the force applied to the arm, A (relatively to the common &i^ 
of A, B, and C), must be double the moment of the force tian»- 
mitted from A to C when the arm, A, is balanced. Hence, if r be 



• The word epicyclin is derived froi 
upon^ and kukAdv, a circle. Hence tbis 
ling around a circle or another wheel. 
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ttie radius of the pull, P, applied to A, and n the nuniber ot it 
tioDS per minute of B and C, then : - 

The wurk ti'an emitted J 2 t r ji P 
per minute f ~ ~2 ' 

And, the H.P = J^Z^ ^ Zl-Vil. 

2 X 33,{JUC 3';i,000" 

Spring Dynamometers— Ayrton and Perry's and Van Winkle'a 
iTanamigsion Dynamometers. — Another kind of dynamometer 
belonging to the second claas is that wherein 8[irings, placed at 




Prots. Atkto\ a Pbrby'b Tka' 

ewtain raiiiui from the centi-e r>f the lotatini; shifr hnlp to 
iMsnre the torque therein when transmitting powet 
One of the eimplent and most easily uniferstood is that devised 
°! Proft Ayrton aod Perry, of the City and Guilds of London 
TwJinical Institute A very similar instrument has been con 
«™ct€d by Mr. Tan "Winkle of U.S. America, and supplied to 
• firm in Chili for measuring up to 600 horae-power at 130 
'"'oIntioDB per minute. This one is believed to be the largest 
'ransmission dynamometer ever constructed. 

The apparatus illustiated by the foregoing figure, consists of a i 
pulley, F, rigidly fixed to the shaft, C D, a loose pulley, ^ 
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ft pulley, H, joined by the apirftl springs, B, to the ribbed jilate, E. 
wliicl) is also rigidly tixed to the shaft, D. If the motor belt b« 
on F, and the belt to the dynamo or dciven machine on H, or bum 
verad, the apnngs, B, will be stretched, depending on the "torque" 
or twist transmitted. The extension of these springs by meao£ of 
a small link-motion (seen at the lower right-hand corner of the 
figure) causes the bright bead, A {at the end of a long arm), to 
approiu:h towaixls the centm of the shaft. Eence, the smaller the 
radios of the circle described by this bright bead as it revolven, the 
greater the torque.'*' Consequently, the horsepower transmitted 
IB at once obtsiued from observing the indicated torqne and the 
speed of rotation. The arm carrying the bead is slightly flexible, 
and when no power is being transmitted the bead is pressed with 
a certain force against the rim of the front plate, hence the bead 
does not commence to move until a certain pre-arranged horse- 
power is being transmitted at a given speed. Its whole radial 
motion is, therefore, completed for a certain additional transmitted 
horse-power. The neceswary addition depends on the strength of 
the springs and the leverage of the link-motion. Conseqnently, ft 
large change in the radius of the circle of the bright bead is pro- 
duced by a small change in the transmitted horse-power. 

The next figure shows Profs. Ayrton and Perry's dynamometer 
Goujiling, which diifere only from the preceding iu that it is 
intended to be used with machinery driven directly by shafting 
where beltiag is not employed. For instance, this coupling may 
be used to measure the horse-])ower given by a fiist-B[>eed engine 
to a dynamo or other machine driven directly by it, or it may be 
employed to measure the power given by a marine engine to the 
screw or to the paddles, or generally the horsepower transmitted 
along any line of shafting ; the spring coupling, in fact, repla^off ' 
the ordinary coupling used with such shafts. 

One of the halves of the coupling seen in the figure is keyed to 
the driving shaft — for example, the shaft of a fast-speed engine; 
and the other to the driven shaft — for example, that of the dynamo. 
The half, 0, is attached to the other half by means of the spind 
springs, and the stretching of these is thei'cfore a measure of the 
torque. The angular motion of the one relatively to the other 
cauKes the bright bead, B, to approach the centre, and, as before, 
the radius of the circle of light helps (me to measure the horse- 
power transmitted at any particular speed. 

The transmission dynamometer and dynamometer coupling just 

' The word torque was lirst BDjjgcBtad b; Prof. JameH Thomsoii of GlMgow 
Uuivcrsity, and menne the tarniiik; moment or the turning force multiplied 
by its distance from centre of shaft. 
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1 have the great advantage oTer any sort ;>f laljoratory 

I, in that the former have 
e put into piiaition aud adjusted 
fa pai'ticiUnr experiment, but are 
Wys ready, and are always indicat- 
ing ^e power ti-Husmitted at any given 
feed. If, for example, a dynamo- 
meter coupling be iuseited in the 
slufting of a factory in place of the 
nnlinmy coupling, a glance at it, 
mj time, will show the power tli 
is being transmitted by it. If two ' 
soch dynamometer couplings be in- 
lerted at two places in the same set 
of shafting, the difference between the 
tntiamitted powers indicated by them 
is the power ntilisad by the inachineiy 
driven by that portion of the shafting 

_ ftrt ia between them. 

^^^anlic Transmission Dynamo- fty^'^H^j^^E 

^^Bus — Flather's * and Cross's. - 

^Hpig to a want of ctiuticleuce in results obtained by aid of 
^^fe^ dynamo metei-a, Prof, Flathev and Mr. J. A. Crosa 
(both of the U.S. America) have independently perfecteii two 
fimoa of hydraulic tranamiaaion dynamometers, which are said to 
bereKable. The construction and action of these instrumeuta are 
M liillows : — The power abaft is keyed to a boas or pulley with 
''0 or more arms carrying hydraulic cylinders. The projecting 
nde of the plungers ot these cylinders, bear upon the arms of a 
Ijose pnlley on the same shaft. The torque imparted by the 
driring belt to the loose pulley ia thus transmitted to tlie sliaft 
*liwtigh the liquid in the cjlindera. The pressure thus caused in 
'lie liquid is conveyed by radial pipes to a common central 
'fnnnion, and from thence to a pressure gauge or indicator. 

this apparatus has many advantages — (1) It is simple. (2) It 
B tot affected to any great extent by the Telocity of the shafting. 
('] It requii*es no counter shaft, and no change of driving belt. 
jM It takes the place of an ordinary driving pulley, and ia driven 
■rtheaame belt, (a) It may be connected to a recording gauge, 
md t^ns a continuous diagram of the load may be obtained with- 

'ProfeMor Flather'a arrangemeBt is deaoribed in hia book on Dyna- 
■Mieieij Olid the Alf.amiremenl of Power, already referred to hy two 
jWnote*, and Mr. Crosa'a a])paratuEi in Thf- Mtctrical Engineer of New 
YoA, Jnly i, 1SB4, p. 3. An earlier form by von Hefner Alteneck ii 
d»rilu.^n JaduOria of Febronry 3, 1888, at page 122. 
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VIII. 



I 



any apeoial uttcntioti. (6) It doesi not require to be displace 
ttfter a te^t ia oompleted, for, hy the siiuple closiog of a cock ( 
valve, tbe veoordtng appnratud may be discoDiiected and tbe r 
mainder left as an ordinary piiUey. 

Tension Dynamometer for Sabmarine Cables.— Ey referring t 
tlie Sgure of a tiilegiaph steauitir iu a previous article of th: 




Tbksion Dujauometek 



Lecture, the student will understand the poaiiiuiia and use of < 
dynrtraometer on board a cable ship. Aa will be seen from * 
following figure, this apparatus consists of a vertical cylinder, 
filled with oil or soapy water, and containing a piston and a pia*< 
rod, E, passing through a gland and stuffing box at M. Tl 
jJiaton-rod ia couneeted to a crosshead, K, which ia free to taO 
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np Md down between the upright guides, V^ V.j, On the out- 
litiDdiiig turoed pin. A, of the croashetid, K., there is cirrifd an 
nntojed grooved pulley, U, under which the cable ia passed. To 
tbu top of the ct'oaahead in fixed a ]iointer, T, whieh iudicatea the 
height to which the pulley, TJ, uiay be elevated, aud consequently 
tiiBntresa on tlie wtble or gi-apnel rope. 

In order tci prevent sudden jerks and oscillations of the moving 
parts, the top and bottom of the cylinder, 0, are conufcted by 
• pipe, L, with a cock at its centre. The cylinder piston and 
liquid thereby act as a " pnmp-bralcp" or dash-pot, with greater or 
iesifniedoni accordiug to the opening of this cock. When paying 
"al a heavy cable, or one in deep water, additional weights may lie 
attwhed to the arm. A, in order to render the dynamometer less 
sensitive. In order to keep the pulley, XT, always clean a cnrved 
"Mper, S, is applied to the groove when desirable. The vertical 
swle may lie marked off by calculation aceuiding to the following 
'ennuis, but it should also be veriiied by an actnal test, since this 
iiIb does not take friction into account. 

In order that the friction between the dynaraometer-croashead, 
wa its guides, shall be a minimum, the dynamometer (D in the 
Mlowing fignre) Tiiust be [ilaced midway between the point. A, 
"UBTB the cable bears on the paying-out or picking-up driHn, and 
% point, B, where it bears on the guide-pulley next to the stem 
w W sheaves, and these bearing pointu, A and B, should be in a 
Wfirotal line. 



Dtnajiomktkk. 



= Stress on cable or rope (in cwts.) to be found. 

^ Weight (in cwts.) of all moving parts in dynamometer. 

= Distance A C or C B (in inches). 

= Deflection of cable from hori;tontal (in inches). 




ihen by the parallelogram of forces ;- 



" ^4 S^ - W^ ^ 
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Siuce the atressea anJ deflections of the cable are approwfliai 
is inverse ratio to one another, nnd W and I are constant, if ie 
only neceaaaiy to work out one exarople for d, plot it off on the 
dynamometer acaJe, and mai-k the others in the inverse ratio— e.y., 
for double the stress half the deflection, and ni on.*' 

If the ]iotntB, A and B, are not in a hi>ri»)nt%l line, and tha 
dynamometer, D, not midway between them, as shown in the 

I following figui-e, then the calculation beoomes more complJoat^L 
r 
r 



^ SPBOIiL StRKESS DUQBAM for i SUBUiKINK Ca 

rliet S and W = Same as befora (in cwu.) 

p = Horizontal pressure on guides of D (in 
Ji = Horizontal distance A C. 
1= „ „ OB', 

dj = Deflection C D (in inches). 
d^ = Vertical height B B' (in inches). 



™., ,.—, ^ 



Ana, p = a\ -, , — - ^,^ 

If, however, the points, A and B, are in hoiizontal lines — i-B., 
dy = d, and d^ = O, but D not midway between tfaeni. 




■* The distance. I, between the guide pulley and the dynan 

great uomi>ared with the deScctiaii, d, of the dyuiLmonieter, that the above 
rule is practically correct. 



f 



Lbotdbe Vili. — QoESTiotia. 

_ L State the various ways in which friation may be applietl asefnlly. 
Shetch and describe a good friction clutch or coupling. State the odvaa- 
Uges uid diBoilvantagea of friction clutcheB. 

i. Sketch, with aa index to parts, and give a coucise description of, the 
Mowing pieces of mechttniflm—(l) Addyman'a friotion couplioi;; (2) Bag- 
Air'i hqllow sleeve clutch. 

3. Sketch and describe (1) VVeston'a friction coupting and brake; 
Jl Wwton's centrifugal friction pulley ; (3) llobertaon's grooved dieo 
friction conpling. 

4, Sketch and dcBcribe a friction brake as applied to a crane. The lever 
'lulled to the strap is a bent lever, of which one arm is 2 feet 1 1 inches 
lonj, tni the other arm, which is at right angles to it, is 3| inches long, 
tlii diameter of the friation drum being 2 feet ; find the tension of the 
Uodble end of the strap when a pressure of 100 lbs. io applied to the 
^iWf, and the tension at the fixed end for a given coellicient of friction. 
J"!, 1133-3 llffl.; 1,495 Iba. or 582 '6 lbs. according to direction of rotation, 
Waigi. = 0-1, and 6 = 270°. (S. & A. Hons. Knam,, 1S86.) 

i With the ttssiatanco of sketches describe the construction of two 
Wilis of brakes, one in which a resisting force of raocierate magnitudo ia 
weraome through a considerable distance, and the other in which a oon- 
^erable resistance is overcome through a comparatively small distance. 
\'-tk. Sons. Mach. Const. Exam., 18S5.) 

i Prove hy a skeleton sketch and mathematical investigation the proper 
*™otion of rotation of a brake-wheel (with respect to its strap and lever 
^waecSons) in the ease of a winoh or crane when the load is being lowered. 

I- A strap, bearing on a brake wheel 2 feet in diameter, and tightened 
°I& lever, is used 1^ hold the load on a winoh. The shaft to which the 
°|>1ienheei is keyed also carries a pinion of 10 teeth, gearing with a wheel 
"I Mteeth on a second shaft. Tliia second shaft has a pinion of teeth 
EVring vrltli another wheel of 50 teeth on the drum shaft. The diameter 
"' tile drum is 12 inches, the length of the handle of the lever is HI) iiiuhes, 
"d of the fhort end 3 inches. If one end of the strap, which subtends an 
■nilent 300" at the centre of the wheel, be fised, and the other attached to 
™ short end of the lever, find the greatest load on the rope wound on the 
arnDi that could be supported by a force of 45 lbs, applied at the end of 
tMkvarhandle. TakeM = 0'l. Jna. 18,630 lbs. 

S, If B weight of 16,100 lbs., attached to the rope in the last question, is 
''wcemling with a velocity of 300 feat per minute, find how far it will go 
*«w the brake is ijut on before coming to rcat. The kinetic energy of the 
"'iLtel! may be neglected. Ans. 4 inches. 

^. Eiplain the use, constructioo, and position of brake wheels in tele- 
ErephcaWe steamers. 

. I**' Skstoh and explain Lord Kel vin's deep-aea sounding machine, includ- 
"■f^ade elevation and plan of his differential rope-brake for the same. 

' !■ Describe a method of obtaining the brake horae-power of an engine, 
?|'i "late the advantages to buyer and seller of adopting this method over 
™»1 of nominal or indicated horsepower. An encine is making 150 revoln- 
™« per minnte, the diameter of the brake pulley being 4 feet, and t' 
t™Mthebrftke501ba.,whatistheB.H.l'.? Ans. 285. 

'2, Sketch, and describe with an index to parts, some good form D 
*"™l'tion friction dynamometer. The pulley on the crank a\iait ^.0 ■wV'v ' 
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Che brake U titled U 3 feet in diaumter, and makes 1 00 revolationa pet 
Diiuute. When tlie eiigioo is at work, a Salter'i baloace, tixed at a point 
21 iacbea from the axis uf the sliaft, registers "M) lbs. Find the bnke 
lioree-uuwer of the enuiiie. Prove the farinalB you use. Anit. S'O H.F. 

13. DeaorilwthtorJinary friction dymunometEr. If the shaft of an eume 
being tested makea 20 revoIutioDS per minate, and the weight supported bt 
'200 iba., the point at which it is supported lieiii^ 3 feet from theaiiiof 
the dynamometer, find the horse-power of the eugiue, Aiu, 2*28 H.F. 

14, lu a friction brake dynamometer a weight of S3 lbs. ia hung at 
distance of 3tj inches from the centre of tlie wheel. The brake wheel it 
driven by a pulley 5 feet in diametur, ou the wiuie axis, which ca 
belt from the flywheel of an engine and makes S<I0 revolutions per c 
Explain the thtory of tlie apparatus and lind thi.- horsepower exerted by 
the engine. Aiu. 9-3 H.P. 

16. State and j'rove wlierein you consider " Appold'e GDOipensiitin 
Lever Brake Dynamometer" defective. What precantions or jjteratioii 
in this apparatus should be givau effect to, in order to obtain accurate resnlti 

16. Sketch and describe the rope-brake dynamometAr, and sb 
advantages over other forms of absorption dynamometers for ascertaining 
the lJ.if.P. of an engine. What benofitB are claimed in certain cas ' 
the use of two Hpring balnncea instead of a weight and a spring ha 
with this apparatus! A flywheel is 10 feet diameter and rotates a 
revolutions per minute, whilst the mean dead load ia 1,000 Iba., an . . 
back pull 100 lbs. Find the B.H.P. Supposing that the mechanicsl 
afficianey of the engine ia SO per cent,, what would be the onrreapondilii! 
I.HP.T .J™. 867B.H.P.; 107I.H.P. 

17. Explain the ojiioyclic train form of tnuismisBion dynamometer, and 
prove the formula for the same. 

19. Explain by a sketch and index to parts, a transmission power dynamo- 
meter by which the dificrence in the tensions of the two sides of the driving 
belt is measured. Explain the advantages of this instrumeiit over th* 
absorption dynamometer. 

!9. Explain and illustrate a form of spring transmission dynamometer 
and oonplinz. 

■20. r.xplamandillustrateaformof hydraulic transmission dynamometer. 

21, Explain and illustrute a tension dynaniometcr as used in the paying 
out or picking up of submarine cables, and indicate by sketches where this 
apparatus is placed on board a submarine cable steamer. What are the 
most advantageous conditions for the employment of such a dynaiino meter! 
Prove the formula for graduating the sce^. 
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LECTURE IX 

CoNTBHTS. — Inolined PUne — Exsiniilea I., IL, and HI. — The DoobI* 
InoltQod PUne — ExainplBBlV. aiid V. — Screws— Efficiency of ScrawB— 
Mikiimiiui Effioioncy of SorewB — Non-Reversibility of Ordinary Sctewl 
Bod Nuta — Tecaion in Bolta due to Screwing op — Example VL— 

Inclined Plane. — We now proceed to determine the relation 

between Q unci W in the 
inclined pUne when 
friction 18 taken into 
account. The moat general 
case occurs, when the 
direction of Q miLkes a 
given angle 6, with the 
inclined plitne A B. 
We shrtll, therefore, con- 
sider this case first, since 
all other particular cases 
can be easily deduced therefrom. 

Let B = Reaction perpendicular 
„ /i « Coefficient of friction. 
„ P = ^ R = Friction between body and planet 
By the " Principle of Work," 
Work done hy Q = Woj-k doTie on W + Work done againal F. 
Suppose the body to be dragged along the plane a distance 
A B = ^. 
Then;— 

Work done by Q = Q cos fl x A B = ( 

Work done onW =W>iBC =' 

Work done against F=FxAB = /. 

QlcoaS = Wh -^ f^Rl. 
We nauat now eliminate B. The simplest way to effect 
this, is to consider the equilibrium of the forces acting on the 
body when Q is just about to draw the body up the plane. 

Kesolving the forces at right angles to AB, we get: — | 






the plant 




INCLtN-KD PLANE. 
By Jalatitnting this value of R in the above eijiistitiQ, we get : — 

Q^cos^ = W4 + ^W^cos a - /iQlsi 
■'■ Q/fcosd + /i,sin.i) = W(h + /ilcos «). 

Or, Q = f' +_l±i^J>''^ ,Tv- 

W 1{C0AS + /tBinil) ■ • ■ ■ \V 

Tliis equation can be put into a more convenient form, thus ; — 

"W " cos fl + /t Bin i' 

But, — = sin a; and /i = tan p = ; where p = angle 

of friction, 

Q_ sin K cos p + ain p cos <t 
W COS d cos p + ain tf ain p 

W - cos (S - p) ^^^> 

From tbia general equation the results for any particular 
«5e can be deduced. 

CiBe I. — Suppose the plane to be smooth. Then p = and. 
'< = P, the theoretical force required. 
P Bin a 

W " coal ^^^'^' 

Cate IL—Suppoae Q ocis }>arallel to A.B, then 3 = 0. 
Q ^ si n (a + p) \ 

^ "<">8p [ . . . . (II,). 

„ = ain as + ^ COB a) 

„ '^ (ii«r 

QI = W/) +M.W6 . . . .(lid)* 

Of stated in words : — 

'^ Wrrk dons in fdisini^ a, body up a rough inclined plane is 
T""' to (A« worA ifiTne in lifting it vertiatdly through tlte height 
y tlu plane, together with the work done in dragging it along 
"" hate supposed to be of the same roughness as the plane itself. 

Hiege are two important reaulta which we shall frequentlr refer to in. 
rtutfoUowe. 



174 LECTURE IX. 

la this case, when Q is parallel fo A B, ^ 

Actual Advantage = 
Or, from (II,), 

Actual Advantage = 



sin (a 





Efficiency . . 




- Q^ ~ Q '"■ 


sin 


(a + p) 


Or 


from (lie), 

Efficiency . . 




hi 
hl + u.bl~ h 


h 




Case ni — Suppos 


Q acts parallel to A C. Then 




■■■ 




Q 
w 


8m(a + p) 
C03^-(»fp)} 


[equatioi 


(")]■ 


i.e 




w 


= tflil(a + p). 




■ 


An application of this c 
treat of screws. 

We shall now prove th 


ase will he met v 
following: — 


itb when 


we CO 



(VI) 



Phopositios, — For a given inclination, a, of the plane and angle 
of friction, p, the effort Q will have its least value when i = f,; 
i.e., when the direction of Q makes an angle with the inclined 
plane equal to the angle of frictioa 



For, Q = W 

Now, Q will be 



3fl(fl-p) 



[equation (II)]. 



But in this fractic 



is a constant quuutity, 
Q will be a 



0O8 (S — f) 
1 the numerator, sin (a + p), 
» given. 



IS (S-<p)" 
.8{H-p) 



■ The student should be able ta prove the reaulta gii 
three c^es ladependently of the general case eonsidered i 
the author's Elemenlary Mamial of Applied Mtchania.) 



INCUNED PLANE. 175 

Now, the maximum value of a uasine is unity, and this only 
occurs when the angle is zero. 

Hence, Q will be & minimum when (B-^) = O. 
i-e-, Q „ .. „ 6 = 9- 

This proves the proposition. 

In what has preceded we have supposed the effort Q just able 
to move the body up the plune. We shall now consider the 



i iNCLisEii Plane. 



I 



cases where Q juat prevents the body from sliding dowi 
plane ; or, when Q is employed to draw the body downward 

Case IV. — When Q is jiarallet to AB and prevents the 
J-ro-m. sliding down the plane. 

In this case, by resolving along the plane, we get ; — 
Q + F = W sin a. 

Q = W sin o.-il'R. 
Resolving the forces at riglit angles to the plane, wc got : — 
E = W COB a. 
Q = W sio a - /i W C03 a. 
Or, Q = W(sma-/tcoaa) .... (VII) 

i.e., Q = W ^" . ^ - C^III) 

From equation (VII) it will be evident that the body will 
have no tendency to slide down of its own accord if; — 



41 



- p (the angle of friction 



J 
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When a. is just slightly greater than ^ tlie body would t 
to slide down of its own accord, if not prevented by the force, ^ 
This atlbrds a means of determining the coefficient of friction 
between two bodies, as esplained in Lecture V. 

If a is less than ?, then an effort, Q, must be applied to the 
body to drag it down the plane. Then, we get — 



FoBCE Required 



Or, n.WJi^^ J . . . . (IX> 

Example T, — A horizontal force of 50 lbs. is just required to 
move a weight of W lbs. on a rough horizontal plane. If the 
plane be now inclined at an angle of 30°, n force of 6'7 lbs. tictiiig 
parallel to the plane is required to keep the weight from sliding 
down. Determine the weight, W, and the coefficient of firictjoa 
between the weight and the plane. 




f.-«t 




To Dbtermise the Cobfficiknt of Fbiction, 
K. — On the horizontal plane, we have : — 
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Since the body is just kept &om sliding down the inclined 
plane, both Q, and F^ will act up the plane. Then : — 
Qj + /t R„ = W sin 30", 

Qj = W (sin 30° - /* cos 30°), 
^3\ 



Substituting tl 



67 = W(i -M" 
due of ,u, given in equation (1), we get:— 

13'4 = W - 50^/3. 
W = 134 + 50 X 1731i = 100 lbs. 



From equation (1), we get:- 



50 
" = TOO = ■^- 

Example II. — Suppose a, locomotive weighs 30 tona, and that 
the share of this weight borne by the driving wheels is 10 tons. 
Then, if the coefficient of friction between the wheels and the 
rails be '2, what load will the engine draw on the level if the 
required coefficient of traction be 10 lbs. per ton of train load? 
What load will this engine draw at the same rate up an incline 
of 1 in 20! 

Answer. — (1) On the level linn. 

Let the circle represent one of the driving wheels of the 
locomotive, and let the wheel turn in the direction shown by 




Question on Thaptios and Friction, 

the arrow. Since there are two driving wheels the weight, VJi 
on each will be 5 tons. 

I^t F = Friction between each wheel and i 
„ /* = Coefficient of friction between wheel and rail = 

Then, F=/iw='2^<(5x 2,240) = 2,240 11. 
and acts in the direction A F. 



1 
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At C, the centre of the wheel, introduce two opposite foron, 
F, F, each equal and parallel to the force F at A. This will 
not affect the equilibrium of the system. After this has been 
done, it will be evident that the forces standing thua ;— 
form a coupU, the moment of which is F n AC 
This is the couple resisting the rotation of the 
wheel about its centre, C, and, therefore, must he 
equal in moment but opposite In sign, to the couple 
due to the force on the crani-pin as caused by the 
Steam pressure on the piston. In the meantime, we are con- 
cerned only with the remaining force, F, acting' to the right at 
C. This force tends to pull the centre 0, and, therefore, the 
whole train to the right If R be the resistance offered by tha 
train, then, since there are two driving wheels ; — 

K = 2 F = 2 X 2,240 = 4,480 Ibe. 
Let W, = Total weight of engine and train in tons. 
Then, since the traction is 10 lbs. per ton, we get :-~ 
E = 10 W„ 
10 W, = 4,4)*0, 
i.e^ W, = 448 tons. 

The etigine will, therefore, be able to draw a load of (448 -30), 
or 4 18 tons without fear of the driving wheels slipping on the rails. 
(3) On tlie yradUiU. 

Since the inclination of the rails is small (1 in 20), we may 
assume the pressure or reaction between the wheel and rail W> 
be still ■= 




OS Tractios asd Fhiotion. 

Hence, F will be the same as before, viz., 2,240 lbs. 
By reasoning aa in the previous case, we get : — 

R = 2 F = 4,480 Iba. 
Let, Wg = Total weight in tons of engine and train on incline. 
Now, suppose the train to move from A to B, a distance of 
!0 feet Then, by the Principle of Work, we get: — 



) FRrcnON ON INtlLlNED PLAI 



^oUd work fioni on in- \ _] 

dine from, A fo B 1 ~ 1 "I" Work done against gravity from 
I A to B. ' 
But, Total Tmrk done -= R x 20 = 4,480 x 20 {ft. -lbs.) 
Work done againet traction = (10 x W^) x 20 = 200 W^ ft. -lbs. 
gravity = (Wj x 2,240) x 1 = -2,240 W^ „ 
4,480 X 20 = 200 Wj + 2,240 Wj, J 






2,440 



= 36-72 tons. 



Thus, the engine will only bo able to draw a load of 
(36-72—30), or 672 tooa np an incline of 1 in 20. Any load 
wjood this would cause a, greater resistance than ia provided 
for by the friction betweea the driving wheels and the rails. 

EiAuPLB III, — What must be the effective horse-power of a 
locomotive engine which moves at a steady speed of 40 miles 
M hoHT on a level line, the resistance being estimated at 20 lbs. 
per ton, and the weight of the engine and train being 200 tons I 
"Ite engine continue to exert the same power when ascending 
*SmdIent of 1 in 100, what would be the speed! 
ABgwER._(i) On the level line. - 

^obd reeiitemce overcome = 200 >; 20 = 4,000 lbs. ^M 

Speed of train ~ 40 miles per hour. ^^ 

„ .i?-A|=??».3,520ft.p.rmi.,t,. 

■■■ Vwhdfmeper minute = 4.000 k 3,520 (ft. -lbs.) 
4.000 « 3,.520 _ 

-iJHooo ^ ™ '■ 

(') On (A« gradient. 

( Work done against friction per 
°6Ki, Total work done 1 ^ / minute. 

per minute j j + Work done against gravity per 
\ minute. 
^ f = Speed of train on gradient in feet per minute. 
■*« before, Total work done= 4,000 x 3,520 (ft.-lbs. per minute). 
^irk done against friclitm = (200 x 20))) 
^ork done agaimt gravity = (200 x 2,240) > 



H.P. = - 




L 


■CTL:1{E 


X. 


n 


^^H 


3,520 


= 200 


20 


XV* 


200 « i2 


„ 


= 40 X 


212 


X f,. 




V 


_ j,000 


X 3,520 


1660-37 ft 



Or. 



= 18 -B? miles per hour. 



The Double Inclined Plane.— Sometimea the double inclined 
plane is uaed, when a. deBceoding load is employed to draw op 
nnotlier load by means of a rope passing over a fixed drum or 
pullf'y fit the summit of the incline. To understand the prin- 
ciple of this arrangement 
we shall suppose two in- 
clined pianos placed bock 
to bock, as shown in the 
accompanying figure. 

Let ^y\be the ascend- 
ing and Wg the descend- 
ing load. 

hitherto employed with 
"nclined planes 




DoDDlK iNCLlNltn F' 



which ' 



The usual letters i 
tlie suffixes 1 and 2 refer respectively to the i 
A B C and D B 0. 

When W^ is just sufficient to overcome W,, and neglecting the 
friction due to the pulley at B, we get for the plane ABC:— 







Q = W 


(sin 


O, 4- 


/J^cosa 


i), [from equation (tij)] 


And, 


for 


the plane 


DBC, 














Q = W 


(sin 


«a - 


^ cos ^J, [from e 


juati 


n (VII)l 




W 


,{sina| + 


^i*J 


DSIXj 


= W,(8 


n a., - ^ c 


0..,) 




Or, 








W 

w 


sinu^ 
"sin a, 


+ )>.^ COS a, 




■ (X) 


Putting 


h 
T. 


= sina,; 




COS 


Oj ; and 


so on, the 


last 


equation 


may be written thus 






















W 
Wj 


4:(:- 






■ <x.) 


If^, 


= u 


, = ft we get 


_ 











W, t, fh - r.b, \ 
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In practice, we seldom find two planes arranged as shown 
above, One plane only ia used, and the trucks ruo on, parallel 
lines of rails, being connected by a rope or chain which passes 
round a pulley or drum at the top of the plane. In this case, 
«[ = Oj = a; /, = ^5 = i ; 6j = 63 — ^ J ^""^ ^^^ above equa- 
tions take the simple forms : — 

W^ B in g - /^ COB a 

W^ "^ Bin a + /* cos a ■ ■ ■ *' ' 

Or, dividing by cos «, g^ = ^" " " ^ iXl,) 

° ■' ^ W„ tan a + ^ > a/ 

Or. Wj A^^6 .... (XI,) 

^TliM determines the relation between Wj and W,, when W^ is 
jwi able to draw up W^. If Wj, be greater than that obtained 
from equation (XT), the motion will be accelerated. To obtain 
a anifonn motion for given loads, W^, W^ we must either adjust 
fe inclination of the plane, or provide the drum with a fric- 
tion brake when Wj ia greater than necessary, or with the 
*83istanee of an engine when Wj is less than required. 
. (1) To determine the requisite inclination of (Ae plane when 
^ '■^ required to draw up W,. 

"om equation (XIo), we get :— 

"W, tan a + /i "W^ = W., tan a - ^ Wj , 

f^ (W^ + WJ = (W,, - Wi) tan a, ^M 



(2) To determine the friction couple, which must he applied to 
''^pulley or drum at t/te lop of a double incHned plane, in order 
*" obtain a uniform motion when W^ is too great. 

This problem is very similar to the caste of a driving belt 
•ransmitting motion in machinery. The tension in the two 
PWts of the rope or chain is not now the same throughout its 
length, being greater on the side of the descending load Wj. 

Let Qj, Qj, denote the tension in the two parts of the rope 
orcLain on the driven and driving aides respectively. ' 



'flien, Qo>Qi. 
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The following figure represents a side elefation and plan of the 
double inclined plane with its pulley and loads, Wj, W^, 

Let M = Friction cou])le required to be applied to the brake 
wheel. B W, by the brake handle, B H. 
„ T = EaJius of drums. 

e centre of this wheel, we get : — 



Taking moments ahout 
M + Qjr = Q3r, 

M = (Q, - Qi) r, . . . . 
But, Qj = Wa (sin a - /i cos a). 

And, Qi = W, (flin a + /* cos a), 

M = j(W3-WjBin«-^(W. 



{!> 



Or, 



A(W,-Wi) -,i&(W„+Wj)| . (XII.) 



Practival Esakplb ov the DovbiiE Incij:<ed Plairl 



i 



(3) Ifyf^iatiot suffieient to overeome Wi, then a moment, SI, 
must be applied to the pulley or drum, D, to asaist it. 

In this case, by taking moments about the centre of the 
pulley as before, we get : — 






)Ba|r(XIII) 



= ^|A{W,-W,) + /.f,(Wi + W,)J. . (XIIU) 



THE DOUBLE INOLINHD PLANE. 183 

EiAMPLK IV, — -In a double inclined plane having a, rise of 
1 in 20, the loaded aad empty trucks run on parallel rails and 
IK conneoted by a rope which pasaea over a puiiey, 6 feet in 
dismeler, at the top of the plana Find the greatest number 
of ernptj trucks which a descending loaded one is capable of 
drawing up ; having given weight of each empty truck, 5 cwts., 
Tgight of matsrial in loaded truck, 20 cuiis., the coefficient of 
traction on the level being taken at 20 lbs. per ton. Again, if 
6 lauied trucks going down pull up an equal number of empty 
OHM, what must be the mean fi-ictional resistanca on the cir- 
oomfecence of a brake wheel, 3 feet in diameter, fitted on the 
pulley at the top of the incline, so that the whole may be kept 
moving uniformly 1 

Akbwer.— Let «i = Weight of empty truck = 5 cwta. 

„ W = Weight of material in loaded truck = 20 cwta. 

Since the coefficient of traction on the level is 20 lbs. per ton, 
20 _ J_ 
'^ 2,240 " 112 ■ 

Again, since the inclination of the plane is small, we may 
saaniue: 

That, cos o ^ 1 and ain a = ^. 

f ow, let there be « empty trucks drawn up by a descending 
wsdedone. 
■"aen, according to the previous notation : — 




w, . 


= nw = 


5n 


cwts. 


W, - 


= W + 


tc = 


25 cwta. 


\- 


sin a 


- f* 




sina 


+ /* 




hn 


20" 


\V1 


xl 



1 

i 
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Ur, the greatest ttnmber of empty tracks that can be diawn 
dp by 1 descending loaded truck is 3. 

N«st, with 5 loaded tmcka going down and 5 emp^ o 
coming up, we have ; — 

W, = 5«> = 25cwts.; Wj = 5 (W + w) = 125 cwte. 
and E ~ Radius of drum = 3 ft. 

The friction moment to be applied to the brake wheel at Uw 
top of the plane is by e4]uatioa (XJI) : — 

M = |{W,- W,)sina- p(W, + W,)coaa{-E. 

Snfastitating the above values, we get ; — 

M= |(125-25)xl-yi^x(I25 + 25)xl|3(ft.-cwts.) 

„ = J- ft,-CWt8. 

U., M = 1,230 fiAiss. 

Let F = Mean frictional resistance applied at cireumferenoe 

of brake wheel, 
„ r. = Radius of brake wheel = 1^ feet. 
Then, Friction couple = F x r = M. 

P X IJ = 410 X 3. 



U" 



=. 820 IbB. 



Example V, — In the lat'er jmrt of Example IT., suppose the 
o]>emtiona to be reversed, so that the five loaded trucks are to 
be hauled up the plane by means of an engine situated at the top 
of the plane, the engine being assisted by tlie descending five 
empty trucks. Find the tensions in the two parts of the hauling 
rope.'and the H.P. of the engine; given the length of inclined 
plane, 1 mile and the time taken to complete the run, five 
niiiiuteB. 

AnbwkU. — From last example we get the following data : — 

W, = Weight of five empty trucks = 25 cwte., 



>a cc = 1, approximately. 



Let Q, = 



;), [equation (Til)] 
) owtH. = 115 lbs. 



Then, since Wj ia let down the ])]. 
Q, = W, (ain m - 

AUo, since W„ is piilldd up the plane, we get ; — 

Q., = W„ (aiu a + /i OOB a), [equation (IIj 

Q, - 126 (3^ + 1I5 X 1) «»*>■ - 825 lb«. 

Let I = Lengtli of incline = 5,280 feet. 
„ ( = Time taken to travei-ae it - 5 minutes. 
Then, Work done^ cWork done per minute ty rope in polling 
by engiiK'f = \ up full trucks minus work done per 
per minute) I minute on rope by descending trucks. 



-'^% 



I 



Qi = ^(Qs-Qi)- 



.-. H.P. of engiae = 



((Qs - Qi) 



Screws The vaiiou! 

aharacteristics, and manu- 
facture, have been fully 
described and illustrated in 
r Elementary Manual of 
Applied Meclianica, and, 
thevefore needn V fu I er 

msidered here n what 
follows we sha, con ent 
oui'seUes bv d run n^ 
^nAdva tags adlffii. icy 
of the o ■d narv «w a. 
mngen ent. Take t e ca e 
of thesqua eth ed w 

irking n uut and 

suppose the p e6&u e d 
to the load W o he n 
formly d str buted a ong he 
bearingsurfa e o thet rea 
Since he p tch angle a 3 

rerywh e he SHme, U 

be eufficient to take a single 
point on the aci-ew thread, 
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and consider the whole load, W, conueiitrated at this point. Wa 
have then the case of an inclined plane, A B C, aB shown bj 
the accompanying (igui-e, which repreaeiita an ideal helix or screw 
line, traced on a cylinder, and a development of one complete 
turn of this line. 

Let p = Pitch of acrew thread, 
„ d = Mean diameter of cylinder of holt, 
„ Q = Turning effort applied to lever or spanner, 
„ L = Leverage of Q measured from tbe axis of the bolt, 
„ /i = Coefficient of friction between nut and screw. 
„ H = Force acting along A due to the effort, Q. 

Then, by the " Principle of Momenta," we get : — 



Or, Q - H ,. ^. 

And from equation (11, ) in this Leotnra :- 
H = "W tan (a + p). 



Q= W 



2L" 



|.^ten(. + f) (xr»; 



Q 

But, from the fig 



Q^ d f tan Bi + tai 

W " 2 L 1,1 - tan a ti 



tan Of = -7—=^ = ~ , and tan f> = fi.. 

A.t^^u„^..^.'-^{-'JLzJtey . . .(XVI, 

EflBclency of Screw.— Suppose the weight to be raised through I 
B diHtaiioe equal to tbe pitch, p. 'L'hen Q will have moved through 1 
ft diatance equal to 2 it L. Hence : — 



MAXIMDM EFFICIENCY OF SOKEW. 



' Q K 2^L' 

2J. / 1 p 

d \tan (a + p) " 2 t L 



" tan (« + p) CT-rf' 
tan a 



. (XVII> 



Maximum EfBciency of Screw.— We cao now find what value of 
a, will give the greatest efficUiicy. Clearly the efficiency will be a- 



B (" -H ff) 



tMi{a+ p) cosaBin(ix + ?)' 

sin (2 OS + p) — BID p 
* ~ sin (2 « + p) + sin p' 

1 Sjin^p 

sin (2 a + p) + sin p 

From thia it is clear that the e£Ecienoy will I: 

i»lien -: — 755 ■ — r^- — : is a minimum. 

an (2 a + ^) + am p 



, when 



ain (2 a + p) + 



•.e., when sin (2 a -i- p) 

But the greatest value for the sine of an angle is unity, and this 
occnn when the angle ia 90°. 

The effimeney will, therefore, be a Tnaximum witen : — 



Substituting thia value for o in the exiiresaioa for the efficienpj,! 



I 



Maiimtini Efficiency 
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WU 
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1) 








tan 


(«•. 


1) 








1 


^«n| 


1 + 


tan 






1 


-»I 


1 - 


tan 


-G- 


- tan t 


1)' 








all angle, 


and we 


may, 


the 


refore 


1.1> 



Maxiinain Efficiency = (, ' t ) (approximutely). 
n efficiency in the cue 



From this we aee tliat for thi 
a screw tlie beat pitch angle ia 45° nearly. 

Taking the coufficient of friction t^ '16, and pitch angle i5', 
we get :— 

Muimnm Efficiency ^ ( i ~f " .i t) = '72 or 72 per cent, nearly.* 

If tlie pitch angle be greater than 46°, it will be possible to 
reverse the action of the ucrew, mi that a weiglit, W, on the nut 
or screw may be able to overcome a araall force, Q, on the end <d 
the lever. Instaucei) of this may be met witji in aome fonna if 
hand drills, and in certain inatniment^ used for domestic purposo- 
The student will be able, from the general investigatioas in 
Lecture VII., to piwve that the efficiency of a screw when working 
in the revei-aed way ia given by the equation. 



Reversed Efficiency = 



tan (a - 



Non-reversibility of Ordinary Screws and Huts. — In bolts and 
moat other applications of screws the pitch angle is veiy much leffl 
than 45°, consequently, the efficiency of these screws is often 

* In the caae of the Sprague-Pratt Electric Elevators of Nbw York ui 
efBciency of over 90 per cent, is clainieil for the nut and screw, owing to 
the introduction of hardened steel friction halls between the screw aad nnl 
threads. The author had an opportunity of testing roughly the eificieasf 
of these elevators, and con testily to their excellent design, workmaoabi^ 
and action. 



TENSION IN BOI,Tf 



lower tTian 20 pel 
advantage and boh 
and not high efficiei 

Tension in Bolts due to Screwing Up.- 
square-tiii-eaded screw. 



;. In Huch cases, however, mechanical 
sibility are the objects chiefly aimed at, 



lonsider the 
iug up, 



Let W = Tension in bolt due to acrewi 
Q = Force applied at end of spam 
L = Length of spanner, 
d - Mean diameter of bolt thread, 
p ^ Pitch of thread, 

/i = Coefficient of friction between screw and its nut, 
/i^= „ „ nut and its washer. 

Then, Friction between nut and tooiker = ^j W, 

Suppose this friction to act at the circumference of a circle of 
diameter D ; in other words, let D be the diameter of the frictJOB 
circle between nut and waaLer. 

Then, Friction moment between nut ami washer = ft^W x —. 
Hence, by taking momenta about the axis of the bolt, we get: — ■ 
Q , L . H X ^ + ft W « ? 
W 



2 \ ^ d - ftp 



< d + /i^DV 
[From previous fonnnla far H sad equntion XV.] 



The average length of a spanner is L = 15 d, and D may 
be taken at ^ d, while /J-, = /i- very nearly. 



Hence, 7'en 



n bolt = W = 



(ird ^ /i.p ) 



;Q- 



" 7 /iTd + (3 -~4:fi.^)p ^ 
For ordinary sized bolts we may take /* = 0-15, and;; = 0'16 d. 
Hence, substituting these values in the last equation, we get ; — 
I X 31176 , 



Tension in bolt = - 



3-76 



- Q = 75 Q, nearly. 
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Now, suppose a force of 30 lbs, to be applied at the end of the 
«pantteF b; a workman, tbeo : — 

Tension in bolt = 75 x 30 = 2,250 lbs., 

This tendon would be about sufficient to break a wrought-iron 
bolt I inch in diameter, aud would seriously injure a bolt ^ inch 
in diameter. 

Hence the practical rule : — That bolfe less than J ivck in dior 
meter should never he employed for joints requiring to be tightiS 
screwed up. 

In estimating the friction of such machines as screw jac 
whore the end of the screw terminates in a loose cap supportiD£ 
the load, the ftdction between the cap and the part of the screW 
supporting it must not be neglected. In many cases this friction 
is about as great aa that between the thread of the screw a,n<i 
its nut. 

Example VI, — Apply the Principle of Work to calculate the 
relation of the effort, P, to the resistance, W, in the following 




Ebd Vibw. 
PuLLKr, Worm, Worm-w 



Side Vibw. 
ANJi WiNoH Dam. 



combination: — In a model to show the action of an endless screw 
and worm-wheel, the pulley which turns the screw is 18 inches 
in diameter, the screw is double threaded, and the worm-wheel 



nchei 



ON 1 



a-WHEKL. 
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fli IB a drum H 

diameter ronnd which the cord is coiled. What load, 

this cord would be supported bj a weight, P, of 

4 lbs. at the oircumference of the pulley, friction being neglectedl 

Answer. — -Two views of the eaaeatial parts of this combination 
e given above. 

Let E. = Radius of pulley = 9 inches. 
„ r = „ drum = 2t „ 

„ N = Number of teeth on worm-wheel = 30, 
„ n = „ threads on endless screw = 2. 

If the effort, P, receive a displacenient equal to the circum- 
renoe of the pulley, then the worm-wheel will make ^ of » 
displaces n teeth 

Displacement q/^W = ^x 2 -irr. 

Bnt, by the Principle of Work, we have : — 

F X its displaceTnent = W x its displacement. 



Siibetituting the valui 






i of P, rt, N, r and K, 
U 3 X 2i 



= 840 lbs. 
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Lrctl-ris IX.— Qi 

1. Slate and prove the relation between the weight. W, irf » ' 
renting on a rougb iDcliaed plane, the renction, fi, from ilie pl&ae, anf 
forco, Q, DeceBaary to juit balance tbe weii'lit: (I) when the force. Q, 
parallel lo the plane, {'2] when it acts parallel to the base, (3) wlien it 
at an angle, S, to the jilane. 

2. The reaiitoDce of friction along au inclined plane is token at 150 Ui, 
for each ton of weight moved. Find the work done in drawing 2 toiu if 
lUO feet of an incline which riaea 1 foot in height for 35 in lengik. 
Ann. 47.920 ft. -Iba. 

3. If ISO lbs. per ten ia a sufficient tractive force to draw a 
waggon alDUK a horizontal road, what tractive force per ton will be lequind 
to draw the load upon incline 1 in 10! Am. 371 Ibg. per ton. 

4. What muet be the effective horae-power of a locomotive engiui 
wbiob moves at a steady speed of 40 miles per hour on a, level roil, tl» 
resistance being 15 lbs. per ton, and the weight of the engine and train 
being 100 touaf If the rails were laid at ■ ;jradient of 1 in 100, vbit 
additional horse-power would be requirsdl Ati». 160 U.P.; 2S8'93 RF. 

B. A train of 200 tons ascends au incline which has a rise of '5 foot per 
oent. (i.e., 5 feet in 1,000), with a uniform speed of HO miles per lumr, 
what is the elfective horae-power of the engine, tho friction being 5'S iba 
to the ton? ^(n.-. 267 2H.P. 

6. A train of 330 tons aaconda an incline which hoa a rise of "2 per ceiU. 
lie., 2 feet in 1.000), what ia the maximum speed in miles per hour with 
an engine of 120 borse-powor, the friotion being S Ibx. to the tollT 
AvH. 10'92 miles per hour. 

7. Prove the formula for the relation between the weighw, W| and W^ 
in the double inclined plana, taking friction into account, h'x. A doelJe 
inclined phma is formed by two inclined plaoua placed back to back so thai 
they have a common summit. Their inclinations Co tbe horixon are 30* 
and 40° respectively. The weight of the body on the latter plane il 
60O Ibe. ; find the greatest weight which it is cuijiable of drawing up on iht 
other plane, coeiGcient of friction in both cases being 2. Atis, 31i3'9ll»- 

8. A Htatiouary engine at the top of an inclined plane ia employed u 
draw loaded waggons up the plane, and is assisted b;^ an equal nnmbiir nf 
empty waggous which clcacend by a parallel line of rails. The total weijjht 
of loaded waggons is 35 tons, the weight of the deaceuding empty ones 
being 12 tons. Kind tho maximum H. P. developed by the engine, tht 
maximum B]we<l of tho wagons being 6 miles per hour ; inclination of plane 
1 in IS ; coefficient of traction on the level being taken at 10 lbs, ]ier ton. 
Find also the tensions in the two ropes. An: 02-48 H.P. ; 5,&77 Ibi-S 
1,872 lbs. 

9. Define the pitch of a screw. In the Whitworth angnbr screw-thread, 
what ia the angle mode by opposite sides of the thread ! To what extent 
is the thread rounded off at the top and botcomT Distinguish betweeii a 
single and a doubte-lhreaded screw ; in what cases would the latter be udid ! 
Why are holding down bolts mode with angular threads T 

10. What is meant by back/ash? How may backlash he prevented in a 

11. Sketch and describe .some form of screw-jack, and 
tion between the force applied and the 
neglected. 



w 



I!. Find the relation between Q ajiil W in an ordinary acrew-jack fitted 
with i square-threaded screw, takine friction into accmmt. In an ordinaiy 
Krew-jick the mean diameter of the acrawthread is 4 inches, pitch of 
lerev 1 Inch , len^h of lever measured from axis of screw 4 feet ; find the 
"eisht rained b^ an effort of 60 Iba. , applied at the end of the lever, the 
CMmdent of friction being taken at O'i. Ant. 3'55 tons. 

13. Find an eipresaion for the efficiency of the screw in last question, 
Imitate its numerical value for example given. What are the condition! 
jhr— TimUTn efficien<7 ? Prove your answer. Jne. 44 per cent. I 

'4t In queatioa IS linil the weight raised and the efficiency of the appac* I 
*tBilHien the friction between the cylinder of the screw and the looae cap * 
ttti thereon ia taken into account. Yoa may take diamotor of friction 
linle tor looae cap equal to mean diameter of screw thread, and coefficicnb 
Dlfnctioa same as before. Am. l'57tona; 19'4 percent, 

15. State the principle of work, and apply it to calcnlate tbe relaticn of 
ttefoTBe, P, to the resistance, W, in the Kllowing combination \—Bx. A 
wona-wheel having 16 teeth forms the nut of a screw of i-inch pitch ; an 
udlei! Bcrew, actuated by a lever handle of 11 inches in length, works in i 
Die worm-wheel. Find the pressure exerted by the screw when a force of I 
SO Da. is applied to the end of the lever handle. Ans. 25 tonn. 

16. Explain the mechanical advantai^B resulting from the employment of 
u Endless screw and worm-wheel. The lever handle which turns an end- 
less icrew is 14 inches long, the worm-wheel baa 32 teeth, and a weight, W, 
lujifiB by a cord from a drum of 6 inches in diameter, whose axis coincides 
^that of the worm-wheel. If a pressure, P, bu applied to the lever 
tndle, find the ratio of P to W for equilibrium. Ana, 3 : 448. 

IJ. Sketch and describe the screw lifting jack 09 fitted with screw and 
wwm-wlieel gear. The hoodie beinfj 15 ioclies long, the pitch of the screw 
y iwhos, and the worm-wheel having 15 teeth, find the force on the 
Wie for raising 3 tons (friction is neglected}. (S. k A. Adv. Exam., 
1885.) Am. 9-9 lbs. 

19, A common screw-jack, with a lever 16 inches in length, has a worm- 
wW of 30 teetb, and a screw of 1^ inches pitch. Sketch the arrangement 
■nlEakalate the weight lifted by the application of a constant pressure of 
SClbi. at the end of the handle, friction being neglected. (S. ft A. Adv. 
Eiim., 1892.) Am. iV.ISo \b3. 

is. The toble of a drilling machine is raised by a worm and wheel in 
(nabination with a rack and pinion. Sketch the arrangement, and lind 
*bt wtight would be balanced on the table if a pressure of 12 lbs. were 
^lied to the end of the handle, which is 12 inches long, the worm being 
ingls-threaded, while the worm-wheel has 30 teeth, and the pitch circle 
^ tiie rack-pinion is 4 inches in diameter. Sappose the table and acces- 
■aiet to weigh fiOO lbs,, and tiiat 45 per cent, of the work applied is lost 
lyfrirtioB. (8. ft A. Adv. Exam., 1892.) Ans. When the table is on 
w point of moving downwards then 3,427 lbs. ia the maximum weight 
u>t can be balanced. When the table is on the point of being raised. 
^W 6BS lbs. is the minimum weight which produces a balauce. 
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LEOTCEE X 

n-SHotioDiJ BeaistADCoi Hud Efficieaciea of Id 
lie I. — Applicicion to the Steam Eni " 

1* MRohioe— Eimniile 11.— QuMtiom 

MetlDnal ReaiBtances and Efflcienciea of Machines in GenenL— 
In Lectiiru VII, we uhowed how to calculate tJie work lost i[ 
friction ill tlio caitca of ])laim and cylindrical surfaces. As tli«n 
arc thii principal kindu nl' rubbing iurfaccs in machinerj, we might, 
if wa know thn oxnct prenaures bHtneen the rarioua snrfaces, nt- 
onUte tiiu tfitjil friatiuiial loaaea and thas find the eESciency of ^e 
maohitie. But there are otJier Jowea of work during its tian^ 
mlBBi'iu, Huob an the bending of ropes, belts, chaiiiR, >tc., which il is 
almost impuHHible to erUciilati! with exactness. Even if we conld 
calciilntn uU tlicae vnriouH loascn, the task would be a most t«dious 
and uiiprofitHble one. Hence, in finding the efficiency of any 
inaoliliie, wn have recourse to direct experiment on the machine 
as a whole, the results of whicli fnrnisli us with data from which 
wo can detcrniinu the exact efficiency. In general, however, a 
miichine will not have the Hame efficiency when working nnder 
dilTvrent loads, owing to the fact that the friotioual and other 
roiiiitNnccs are not proportional to the efforts and loads. To make 
this clearer, nuppose wo take the case of a steam engine. Here 
the friction between the piston and its cylinder, the piston-rod, 
valve rods, kc, and tlieir stniffiug boxes, as well as the friction at 
the jonruals due to the weights of the Hywheel and shaft, are, 
severaUy, constant in amount, whether the engine be developing 
full power or running light. Heuce, in all machines there is a 
certain proportion of the IVictional and other resistances constant, 
whatever be the magnitude of the effort and the load. This 
(as just explained in the cose of the eteam engine) is due to 
forces between the parts of the machine itself, such as the weights 
and inertia of the moving parts, or the resistances offered to the 
bending and stretching of parte, and which have little or no con- 
nection with the effort exerted or the load overcome. From thcee 
facts we see that the lost work will be proportionally less, and the 
useful work proportionally more the greater the total work 
expended. In other words, tite efficiency of a machine will, in 
general, be higher the greater the load. This statement, however, 
is not true for hydraulic and other machines where fluid resistances 
occur, or where the speed of the machinery is very great. Aa will 
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be sfen later on, fluid resistances increase very rapidly with tlie 
speed. In high-speed machinery the effects of the inertia of the 
nwiing parts introduce other serious losses which must not he 
ignored when calculating their efficieney. 

Tlie "Principle of Work," when applied to a machine, has 
already beeu written in the form ; — 

Total toork ei^ended = TJtefal work done + Lost toork. 
Or, Wt = "Wu + Wl [see eqn. (I.), Lect. IV.] 

The last term, Wl^ is made up of two distinct parts — one parti 
depeiiding on. Wf and Wjr, and a eecoud part wliich is constant, 
«nii, therefore, independent of Wt and Wu. Hence, we may 
pni:— 

Wl = /ii Wt + /*a Wu + C. 

Wisre ^, /i^ are numerical coefficients, and /t, Wx , />■., Wu are the 
ftictional resistance dne to the effort and load applied; while C 
representB an amount of lost work which is constant for the same 
inachiDe. 

Wt = Wt; + /*, Wt + /j., Wu + 0. 

Or, (l-^JWT=(UA,)WTr+C (1) 

Tbis ia a general equation for the " Principle of Work " aa 
•Pplied to machines. In most machines the coefficient, /i^, which 
depeoda oa the effort, Q, must necessarily be very small, and may 
WnietimeH be neglected. 

landing both sides of the equation (I) by (1 - ,14,) we get ; — 



■Wt = -?-±^ Wu 



B»r, Wr = {1 + /) Wu + F (II) 

^i«./(^= '^^) and F ( = ^^) are new constants de- 

''"ed from the old ones, as shown. 

Tor Bonie purposes, it ia mote convenient to write equation (II) 
* tbe following forms : — 

Wt = A \Vp + P. (Ill) i 

Q.r = i Wy + P (IV) J 
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Where (as in Lecture IV.) x and y are respectireij- tbe d 
ineDtB of iLe effort Q and the load W, in a giTen tune. 

Suppoie the luacbbe to run light. Then W = 0, aad Q, > I 

the etibrt required to drive the machine. 
From equation (IV), we get : — 



That iff, 
urUoaded. 

Dividing both 



•epn»enU the work doi}f, in driving the i 
dcB of this equation by x, we get : — 
F 



Thifl in the ofTort required to drive the machine light 

Biib»tituting the above value for F, in equation (IV), we get ^ 

Qa:. A Wy + %x. 



Q = A W I + Q, (V) 

Thia is B ganeral equation couneotiog the effort Q and the load 
V 
W for any machine. Kioco the velocity ratio, — , is ooDataat 

for the Hame maabine, wo might Mrrite the last eqnatioa in tliis 
convenient form : — 

Q = K W + Qo (VI) 



-/^ 



I be found by exjieriment for any 



Where, K 

machine. 

EiCA-VfLi: I. — In an ordinary block and tackle having three 
sheaves in the u[)j)er and two in the lower block, it is found 
by e!(i>eriment that a force of II lbs. is required to lift a vdght 
of 40 lbs., and a force of 24A lbs. to lift a weight of 100 lbs. 
Find a general expression for the relation between Q and W in 
tluH arraugement, and the weight which could be raised by a force 
of 56 lbs. Find, also, the efficiency of the machine in all three 
cases, and the actual mechanic^tl advantage. 



-The 






relation between Q and W mnat be o 



Q = K W + Q^ 



FRICTIONAL RESISTANCE OF MACHINES. 

From the resulta of the first experiment, we get : — 

11 = 40K; + Q^ 

And from the resnlta of the second esperiment, we get :- 

24i = 100 K + Qj. 

(3)-(2) 13i = 60 K, 
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"40' 



SohsKtuting this lalae of K in equatioa (2), we 

Qq = a lbs. 

'J't the effort required to drive the machine light i 
ig the Talues of K and Q^ in equation 



<21hs. 
(1), -e 



^Bichia the general formula required. 

To find the weight whicli could be lifted by an effo»-t of 5G 
'6 (ubatitute thb value in equation (4), and get: — 



Ibi, 



= 240 lbs. 



Wj. 



"K efficiency of the machine 
'Wsl&tmnla, viz. :— 

SlSpiim,- — ^^'^^ work doni 

Jspfcwmcy - Total work expended ~ "Q^ ^ Q V 

oiuce there are five ropea supporting the weight, W, 
'?''«m of block and tackle, it is clear that ; — 



Efficiency = ^ 



found from the 
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When nising the weight of 40 Iba., we get : — 

Effidency = = x jy = -727, or 727 per cent (1)1 



P 



When raiaing the weight of 100 lbs., we get 
1 JOO 
^ 5 " 2*-5 



■816, or 81'6 per cent, it) 
■When raising the weight of 240 lbs., we get : — 



50 



r 85-7 per cent (3) 



The Btiiilent should notice how the «fficienC7 increases as tli« 
loBil, W, in itj creased. 



T/ie nclual advanlage\ W 40 

when raising 40 lbs. J "^ Q' "^ iT 



= 363. 



By miilti|ilytng the numbers exyirestiing the efficiencies by S 
(the niiiiilior of rojies attached to the lower block), we get the 
actual tnechiitiical advantxge in each case. 

Application to the Steam Engine Since the above reasoning is 

njijilicuble to ail machines, when the frictinnal resistances are not 
greatly influenced by apeed, &c., we may here show its application 
to the steam engine. 

Letp,„= Mean pressure on piston in lhn. per square inch. 
„ p-a = Mean pressure pi>r Bcjiiare inch (beinj; part of /)») 

required to overcome the useful load, W. 
n Pe = Mean pressure per aquare inch required to drivfl 
the engine when unloaded, or siiuply the "frii}- 
tion pressure " per square inch. 

V 

Since, — or the velocity ratio does not enter into this caw, 

and all the preeaurea are considered as acting uu the same piston, 
we get from equation (V) :— 

Pn ^ k pu + pa- 
"By experiment it ia found that the constant 7)0, called the 
"Friction Pressure," has a, value between 1 and IJ lbs, per 
square inch, in ordinai-y land enginea, and about 2 lbs. per square 
inch in marine enginen. The value of k is about 1'15, but yexMi 
with both size and sjieed of engine. In large or high-aneed engines, 
k is often leas than 1-15, thongh it can never be leas than 1. 



I EJTICIENCT OP ItACHLVES WHKS REVERSED. 

icy of a Reversible Machine The Btudent will have^ 

■i^Mfrim the Table of Efficieucies in Lecture II., the great 
diffsreoce in the efficiencies of such machines as tlie ordinary block 
and tackle, and the "Weston's pulley block. In the examples 
worfeeJ out at the end nf Lecture IV., it was proved that the 
efficiency of the foimer muchine maybe aa high as 75 per cent,, 
"Wiethe efficiency of the latter never reaches 50 per cent., and 
sfidom exceeds 40 per cent. He also knows that when the 
efficiency of any machine is less than 50 per cent, it will not 
revei-ae, even if the hauling force or effort be withdrawn. Hence 
ibe difference in the working of the two machines jnat mentioned. 
The " block and tackle " is, under oi-dinary conditions, a reversible 
mnchiae (i.e., the load at the lower block is capable of overcoming 
* Mailer load at the hauling part of the rope), while the "Weston's 
pulley block will not reverse even when the hauling foi*ee ia 
entirely withdrawn. To lower the load with a "Weston's block 
s force has to be applied to the opposite part of the hauling 
ckin from that at which tlie eflbrt had to be applied when raising 
the load. 

The screw, wedge, and worm-wheel arrangements are, generally 
'P'sking, examples of non-reversible machines. In fact, tiieir 
Mfnlness depends to a large extent on this condition. 
^ We can now show that the elEcieney of a machine, when work- 
ing reversed, ia not the aama as when working in the usual way. 
iBrther, if the efficiency of any machine be less than '5 or 50 
Percent., it is not reversible. 

Wfl have Been that in any direct woi-king machine the "Prin- 
ciple of "Work " takes the form :— 

(1 - fL,) \Vj = {1 + ,A^ Wy + C. [equation {!)] ' 

Or, (l-^,)Qa;=(l+^,)W2/ + C .... (1) 

*Iiere the coefficients, /j.-, and ^lij, have the meanings already 
^good to them, and represents a qnatitily of work absorbed in 
the machine, but which is independent of both Q and W. 

Now, suppose we gradually diminish the eflbrt, Q, until the 
ttiKline reverses. When this takes place, let tho new value of Q 
°< denoted by w, so that tlie new load is to, and the original load, 
''j becomes the new eflbrt. The above relation being 
*Ppfoximately true, we only require to substitute the new vj 
™ the new eflbi-t and load. At the same time it must be observed 
™*' the coefiicients, ^ and /i^, are taken along with their proper 
'*nn8, 10 X and W t/ ; i.e., /i^toxia the lost work dne to new load, 
""i *liile /i^Wyis lost work due to new effort or original load, W. 



J 



SOi 
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Then;— 
1 (l-;,^Wj,.{l+ft)». + C. . . . . a^ 

H N«w snbtacting equatiou (2) from (1), in order to eiiminata C, 

h W fM — 

^^^HDtviding both sides bf (I +j<h) "'^ ^y> ^e get :- 
^H Hi _? ^ 1 -fA Q« 

^^ Wy- 1 + ;., 

^^^ Tfif ■ Am rf - ^^^"^ work clone in raising «i 



gicimey tcken raxrttd = ^ ■ 



W. 



" Wu 



But '' ■ = the original e^ciene;/ of the maclii 
wlien workiiig in the usual manner. 

.-. Efficiency of Machine 1 _ - _ / l-^A ^ 1 

when Reversed / '" l-r,u., Vl+zij^ n 

where t; deiiotea the origiual efliciency of the machine. 

It is clvai- that the machine will uoC reverse unless the abore 
efficieucy be greater than — 




, unless . 



1 - 






• • • 1 + (., ^ U + z^,) « 
< > J (1 - »,)• 



CoDHequently, the machine -will not reverse until the original 
efficiency, q, be greater than ^ (1 - jU,), auii, if it be liiss than this, 
it will not reverse even if the original hauling force, Q, be entirely 
withdrawn. For, if »j = i (1 -/i,), the efficiency of the machine 
when reversed would vanish (as may be Been by substituting this 
value in equation (VII) ). If i; < J (1 - /i,), the efficiency wonld 
be negative, which ii absurd- 
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e have already stated that in roost niachines) the fraction, /i,, 
is very small, and may be neglected. Hence we get the important 
statement that 

A machine will not reverse even when the hauhng force ie 
BDtirely withdrawn, if the efficiency is less than I or SO per cent. 

Example II. — Apply the "Principle of Work" to calculate the 
lelatioQ between P and W in the screw lifting jack, fitted with 
' and worm-wheel gear. The handle which worka the jack 
radius of 14 inches, pitch of screw 1 inch, number of teeth 
■orm-wheel 20, and the worm is douhle threaded; find the 
force which must be applied at the end of the handle in order to 
a weight of i tons, friction being neglected. If the actual 
force required to raise this weight be 40 lbs., what is the efficiency 
of the apparatus 1 

Answer. — Let L = length of handle, p = pitch of screw, 
= number of teeth oo worm-wheel, n = number of threads on 



(1) Suppose the handle to make oni 
sirice there are n threads on the worm, a 
■wheel, it is clear, that for one turn of thi 



nthew 



Ther 



vhich forms the nut of the s 
complete turn. Hence the ' 



p, will Lave made :|^ part of a 
;ht, "W, will have been raised 



through a height — x p. 

.-. By the Principle of Work, we get :— 

P X ita displacement = W x its disjilacement. 
P X 2orL = W X ^ x^. 



(2) In t 



W ' 



, n = 2, N = 



20, W = 4x2,240 



= 1018 IbB. 
P 10-18 



= -2545; or 25-45 percent. 



m 



LkCTUBB X. — QDESTIOSa, 

1. EKplftin irbj the force neceumiy to drive a nicchiiie does not vuy ia 
exact proportion with the load. 

2. Witii pair of three sheaved blocks it ia foand by experiment that 
a weight of 40 lbs. can be raised b; a farce of 10 lbs., and a weight i^ 
SOO Ills, b; a force of 40 lbs. Find the general relation between P and W, 
and also the efficiency when raising 100 lbs. Am. ^ = TS ^^ + g ' '^^ 
or 78-4 per cent. 

^, With a. screw jack it is foond that a force oC 4T'5 lbs. mast b 
.ippliad at the end of the handle to lift 1 '5 tans, and a force of 85 lbs. t 
lift 3 tons. Find what force will be repaired to raise 2 tons. Ans. 60 Ihg. 

4. If the length of the handle in the above example be 2 feet and the 
pitch of the screw } inch, find the efficiency in each case. Ans. 353, 3" ' 
and 37 "3 per cent. 

5. Find the "friction m-essare" of a steam engine wliich requires am 

effective pressure of 24 lbs. per square inch to drive it at fnll load, 20 lbs. 
beinf; taken up in overcoming the load. At three-quarters load a mean 
effective pressure of IS'6 Iba. ia required, of which 15 lbs, Ja similarly 
taken up. Aiu, 2 lbs, per square inch. 

G. It IB found that a force of 2 lbs. must be applied to the handle of a 
crane in order to wind up the rope when no weight is attached and of 
SO Iba. when liftiUR a WEight of JO cwts. If the velocity ratio be 20, find 
the efficiency in this lost case and also when the force at the handles is 
loaaened Bo as jnat to allow tho weight to doacend. Ans. 70 per centj 
57 per cent 



r 
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PART II.-GEARING. 



LECTURE XI. 

I <!0STESTa.— Definition of G ear mc— Train of Wheels— Pitch Surfaco-Rtdl' 
Circle— Definitiona ot Pitch Surfftoe, Pitch Line or Pitch Circle, KtcSJ 
Point — SiMfl of Spill- and Bevel Wheels — Velocity-KatiD of Tw9: 
Wheals in Gear — Angular Velocity-Ratio — Definition of AngulK) 
Velocity— Velocity -Ratio of a, Train of Wheels- DeKnition of VslM] 
of Train- Esample I.— Intermediato or Idle Wheel — Marlboroi^ 
Wheel— Change Wheels for Screw Cutting Lathes—Example H.— ' 
Force- Ratio and Power Transmitted hy Gearing- ExamplES TIL »»*■ 
IV, — Questions. 

Definition of Geaiing, — The term gearing is applied geneiallj W 
any arrangement of wheel-work or link-work, for tranamitting 
motion' and power from one place to another. Engineers, how- 
ever, restrict the term to denote any combination of wheels nsed fi* 
the transmission of motion and power from one shaft to another. 

When the wheels are so arranged that they are capahle of com- 
municating motion from one to the other, they are said to be *• 
gear; otherwise they ai-e said to be out of gear. 

Train of Wheels.— When a number of wheels are employed ij> 
transmitting motion and power from one place to another, it B 
TiBiial to so aiTange the wheels that each shaft, except the fii^ 
and last, shall carry two wheels of differeiit sizes; the smallCT » 
these is made to gear with the larger one on the shaft aeit i* 
order. Such an arrangement is termed a TraJil of Wheels. 

In any train of wheels, that wheel which causes motion i* 
termed tho Driver, and that which receives the motion is called 
the Follower. Usually, however, the terras driver and follower 
are applied to any contiguoiis pair of wheels in the train. 

The connection between a driver and its follower may be nuid8 
in either of three ways : — 

I. By rolling contact at their surfaces, aa in loothleas wheeli Oi 
Jriotion gearing. , 

II. By sliding contact of their surfaces, as in toothed gearitig. 

III. By belts, ropes, or chains. 

The first two methods are adopted when the shafts to be oon 
nected are close together. In such cases the wheels are in actn 
contact with each other. The third method is adopted when th 
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hafla are so f:ir apart tliat it becomes impracticable or iiicon- 
enient to use fi'iction or tootlied wheels. However, circumstanaeB 
Mher than the mere distance apart of the shafts often determine 
rhich method of connection should be adopted. The advantages and 
lisadvantagea attending each method will appear in what follows. 
. In this Lecture we shall deal with the velocity- and force-mtios 
lommunicated by wheels in gear, particularly with friction and 
toothed gearing, leaving their theory of oonstruction and design to 
■ubaequent LectnreH. We begin by defining a few of the general 
terms employed. 

Pitch Surface — Pitch Circle. — Motion may be communicated 
i^3m one shaft to another by rolling contact between the surfaces 
|f bodies rigidly fixed to the shafts. The shafts to be connected 
Day be (I) parallel, (3) intersecting, or (3) neither parallel nor 
nterseoting. The third case will not come under our notice in 
Shis text-book. The velocitj'-ratio transmitted may i-equire to be 
ionglant or variable. It is only for very special machinery that a 
variable velocity-ratio is reijuired, and we shall, therefore, not 
Bonaider it here. We have, therefore, to consider the case of a 
fonatant velocity^ratio between two parallel or intersecting shafts, 
Che rigid bodies fixed to the shafts, and through which the 
tDotion has to be transmitted, 'must be cylindriaal for parallel 
shafts, and conical for intersecting shafts. These bodies we shall 
pow call wheels, being spur or bevel, according as they are cylin- 
^cal or conical — i.e., according as tliey are nsed to connect 
parallel or intersecting shafts. 

The surfaces of the wheels, which, by their rolling contact, com- 
pmnnicate the required velocity-ratio, are called Pitch SarfacsB. 
pn ordinary friction gearing these pitch surfaces have a I'eal 
physical existence, but in toothed gearing they have no such 
^stence. However, for constructive and other pnrpoaes, it is 
necessary to imagine such surfaces as also existing in their case. 
Bence, we have the following : — 

Definitioit. — The Pitch Surface of a Toothed Wheel ia an 
ideal surface (intennediate between the crests of the teeth and 
the bottoms of the spaces), which, by rolling contact vrith the 
pitch surface of another wheel would communicate the same 
motion that the toothed wheels communicate. 

Definitios.— The Pitch Line or Pitch Circle is a section of 
the pitch surface perpendicular to it and to the asis of the shaft. 
In the case of cylindrical pitch sui'faces, the surface of section 
a plane perpendicular to th^ axis of the shaft ; while for conical 
t«h surfaces it is, a sphere having its centre at the apex of t^ 
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I»eFiKiTio*r.— The Ktch Point of a. pair of wheels in 
the point of contact of their pitch liuca or circles. 

In bevel gearing only frnsta of the conical eurfdces are emplojed. 

Equal bevel wheels having the angle at the apex of their ytiA 

cooes equal to a right angle are called Mitre Wheels. Jlitre 

wheela are used when two shafts at right angles to each other 

have to rotate with equal speeds. 

Sizes of Spur and Bevel Wheels. — The size of a. spur wliee! is 
measured by th3 diameter of its pitch circle. With bevel whed^ 
however, the pitch aircle ia of variable diameter. For Bome po^ 
poses, the size of the bevel wheel ia measured at the larger end "' 
the conical frustum, while for other ])urpo3e3 it is measured aC * 
pitch circle half way between the larger and smaller ends of tb« 
frustum. For mere convenience in fitatiiig the relative siiea o' 
bevel wheels, the first of these methods ia adopted ; bnt (o^ 
calculationa relating to power transmitted, Ac, we require to 
adopt the second method. In applying the following results ot 
this Lecture to bevel geaiing, it roust, therefore, be remembece** 
that the diameter, pitch circle velocity, ifec, refei" to the pitet* 
circle half way between the larger and smaller ends of th^ 
frustum. 

Velocity- Ratio of Two Wheels in Gear.— When toothed gearing 
has properly formed teeth, and the wheels are accurately in gear, 
then the velocity-ratio transmitted is kiuematically identical with 
that obtained by the rolling of their pitch surfaces in contact 
without slipping. Hence, in what follows, we shall consider the 
velocity-ratio of the pitch circles only. 

Let A and B be the centres of two wheels in gear. 
„ Dj, Dj = Diameters of pitch circles A and B respectively. 
„ Nj, N^ = Number of revolutiona of wheels A and E „ 

in unit time. 
„ n^, n^ = Number of teeth on ,, „ „ 

Then, since no slipping takes place, we must have ; — 
Circumferential Velocity of A = Circumferential Velocity of B. 
^ D, N, = <r D„ N„ . 



\ 
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y, JVic speeds of Hoo wkeeU in gear, are inversely a 

I or number qfteeth„ 

niar Velocity-Ratio.— Sometinies we require to know the 

" velocity-ratio of two wheels in gear in terms of their 

:ra or uumbev of teeth. Thia we now [nuoeed to determine, 

LtLe first place, we give the following : — ■ 

..HiTioN. — The Angular Velocity of a rotating boiiy ia the 

ir measure of the angle described in unit time by any line in 

ttbody, 
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CuDseqaently. the angular vdociliee of Cioo ta/ieele in gea 
invcTvely m tlieir diameters or numiier of teeth. 

It inajr be useful here to state tbe relation between theu 
Yolooity of a wheel and the linear velocity of a point on its. pildl 
circle. 

Let V = Linear velocity of a point on the pitch ciinla 
„ tu = Angular velocity of wheeL 
„ r = Radius of pitoii circl& 

Since m is the angle described in unit time by any- n 
ttawi— 

Arc described in unit lime by a \ _^ 
point al distance, r, from a^is, f 

But the length of thia arc represents the velocity, V. 

Hence, V = wr. 

Again, since V = 2 irr K. 

SttN = ur. 

Or, », = 2^N. 

Velocity-Ratio of a Traia of Wheels. — In (juestiona relating 
to trains of wheels there is a certain advantage in denoting the 
radii, diameters, or number of teeth on the various wheels by 
single letters, sucli as A, B, C, ... , wbiah letters also may 
indicate the wheels themselven.* 

Definition. — The ratio of the nnmber of revoIationB of tbe 
last wheel in a troiu to the number of revolutions of the iitt. 
wheel in the same time is called the Value of the Train. 

Thus, denoting tho value or velucity-i-atio of the train by e, 

_ Eevolntions of last wheel in any time 
~ Bevotutlons of first wheel in the same time ' 
Let N-i, N, deuote the number of revolntions made by ^rst and 
last wheels in a train in a given time ; then : — 

e = ^^ ; or, Hj =eNi. . . . . . (ni) 

• In the Elementary Manual on Applied JUeelianies, we deooted flu 
drivera of e. train of wheela by D|, Dj, Dg, Ac, and the follower* by 
" o " !■-„ {see Lectuce XIL of the Eame). Stadenta may idopn eitber 
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. The figure shows a train of wheels, A, B, C, D, E, aod F, 

■wlieteof A may he called the firat wheel, or driver, and F the last 

wteel, or follower. On each of the intermediate ahaftB, B C, D B, 

two wheels of different sizes, the smaller wheel of e»cli 

'earing with, the larger one on the following shaft. From 

baa been said at the beginning of this Lecture, we may con- 

ettch of the pairs of wheels. A, B ; C, D ; and E, F, as 

aad follower with respect to each other. The first and 

kfts, A and F, each cany one wheel only, 

Lat N[, No, N3, N^ denote the sjieeds or number of revolutions 
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md, third, and fourth shafts raspee- 



Nj E ' Na I> ' N3 "P ■ 

Mnltiplying together the corresponding sides of these three 
^uationa, we get :— 



The velocity-ratio e = v 



liree 
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This ia true, lio 
»e have the follow 



1 the train, BDil liuii 



Valne of a Train ^ — 

f Proilact of radii, diameters, or Qunbei 
\ of teeth of all the followers 

Example I. — The table of n planing machine haa to be moved 
backward and forward at the rate of \'2 feet per rainute bj a nidc 
and pinion orrangemetit iiDderneath it. The gearing consiib of 
three abafta ; the first carrying the ]>inion which goal's with the 
rack ; the lust carrying the jmlley on which a belt works. He 
pinion gearing witii the rack has 12 teeth of 1 J inches pitch. On 
the same abaft as this pinion is a wheel of 40 teeth. This wheel 
gears with a pinion of 15 teeth on the necond shaft. A wheel 
of 30 teeth on this shaft geara with a pinion ol' 12 teeth 
last shaft. Find the uuinber of revolutions of the last shaft per 
minute. 

Answbr, — Let A, B, C, D denote the numbers of teeth on the 
wheels guariog together, where : — 

A = 40, B = 15, C = 30, D = 12, 



Since the pitch of the teeth on rack and pinion la 1^ inch, and 

the speed of the rack is 1'2 feet per minute : — 

,'. HevolutioTie ofjlrsi \ Speed of table 

bIm/I per minute f = l:i^umference of pinion ' 



; Berolntions of last \ 
shaft per minute J* 



: 12 inches per minute 



- 64. 



Intermediate or Idle Wheel — Sometimes a wheel carried on a 
separate axle is interposed between two other wheels, or introduced 
into a train of wheels, for the purpose of dianging the TelaHiis 
directions of rotations of the first and laat wheel. Such an inter- 
mediate wheel is called an idle wheel, because it does not affect tbe 
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vumerietd value of the tmin, but only ita sign. That nn idle 
irheel has the effect just stated may easily he proved by considering 
the velocity-ratio of a pair of wheela connected through an inter- 
mediate one. 

iDBtaucea of the nse of idle -wheels are very common in gearing, 
bat the two following will Berre aa examples ;— 

I, Marlborough Wheel. — When two parallel shafts, A and C, 
»re so close together that they cannot be conveniently connected 
in the ordinary way, a broad wheel, B, called a Marlborough wheel, 
nay he introduced as shown. This wheel has the ett'ect of causing 
tk Bbaits, A and 0, to rotate in the same direchioii, but in no 
wsy does it affect the velocity- ratio which would be obtained by 
the direct gearing of the wheels A and C. There are other 
nethoda whereby the sume object could be attained aa with a. 



3 




Mahlboroitgh Wheel. 



Msrlhorough wheel arrangement ; but with these we are not at 
pfWnt concerned. 

U. Change YTheels for Screw Cntting Lathes.* — In screw 
WttiDg lathes, a train of wheels, culled change wheels, is inter- 
P<wd hetweeo the back end of the lathe spindle and the leading 
kkt, for the pui-pose of transferring motion to the saddle, and 
Mlirmining that the cutting tool shall he moved thwugh a 
'"finite pitch for each rotation of the cylinder to be turned or 
»«Rffed. Every turn of the leading screw moves the saddle and 
"itting ltK>l through a distance equal to its pitch, and, conse- 

Sitly, if the bar to be screwed turn at the same rate aa the 
ing screw, the pitch of the screw cut upon it will be the same 
•■ihttof the leading screw. If it move faster than the leading 
•WfT, the pitch will be less ; and if slower, the pitch will be 
W'lWpondingly greater. It therefore follows as a matter of 



\ 



anjnl^^H 
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course, that if we fit wheels on the lathe spindli 
leading screw of the eame <lianieter, or having the same 
of t«eth, the screw being cnt will have the imme pitch as tbe M 
icg screw. If we fix u small pinion, or one with few t««th, on lit 
lathe s{>indle aod a wheel of large diameter, or manjr teeth, ah Ai 
leailiiig screw, the pitch of the BCtew to be cat will be small. OXft- 
pared with that of the leading screw. The leading screw is geritnOr 
right-handed, in which case the screw to be cut will be righthuiJal 
or left-handed, according as its direction of rotation in the sairv a, 
or diiferent from, that of the leading screw. In the former ast, 
there roust be at least one intermediate axis between the luth 
mandril and the leading screw. If the wheels on the lathe 
dril and on the end of the leading screw are of the proper si 
the nttCMsary velocity-ratio, then the intermediate axis must esctj 
an idle wheel. Sometimes the wheels required to give the pruper 
velocity- ratio and rehitirc direction of rotation cannot be correctly 
ftdjimted without the interposition of more wheels in the train, 
when it may ho necessaiy to introduce one or more idle wheels. 

Ijet p„ = Fitch of screw to be cut, in inches. 
It P[ - I'itch of parent or leading screw, in inchea. 
„ e = Efl'ect or value of train of change wheels. 
Then, 

JHtch o/tereio to be cut _ Speed qf leading screw 
Pilch of leading sorew Speed of lallie mandrii ' 



The problem, then, consists in finding a train of wheels whicb 

shall have its value, e = — . 
Pi 

Example IL — The leading sci-ew of a lathe ie ^ inch pitch anil 
right-handed. Tbe set of change wheels lielonging to the latbe 
consists of the following :— 20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 
90, 100, 110, and 120 teeth respectively. Devise suitable tratna 
to cut (1) a right-handed screw of 8 threads to the inch, and (2^a 
left-handed screw of 12 thi-eads to the inch. 

AsBWER. — (1) The number of threads on the screw to be Mt 
being 8 per inch, its pitch is, therefore, p„ = ^ iaoh. 

Hfflwe, e^^ = ^ = i. 

Pi i ^ 
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Both screws being i-iglit-Landed, they must rotate iu the same 
direction. Hence the train of change wheels must have an odd 
, sumber of axes. Let there be tliree axes iu the train. 

(o) The aizea of the first and last wheels in the tmin may be 
meh that the required velocity-ratio could be obtained by those 
Theels in direct gear. In this case the intermediate axis must 
«ny an idle wiieel of any convenient size, 8Ucb as B, in the left- 
Uiid figure. 




Chanqe Wi 



PVe tLe required velocity- ratio by their direct gear. In this casfr 
*ft intermediate axis must carry two wheels of differeut sizes as ia^ 
tie righthflud figure. Jl 

The followiog traia will answer the purpose : — ^M 



! = i = 



25 X 40 



&} The screw to be cut being left-banded, the leading si 
"^rotate in the opposite direction from that of the lathe i 
™u; hence the tfain must consist of an even uutuber of a 
«t there he four axes in the train. 

(fl) Let A and L be of aueh sizes that they n 
V"^ Telocity-ratio if geared directly. The 
""wiiate axes must each carry an idle wheel a 
Spue. 




21« 
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(() Tbe wbeeta A ttnil L, not being of tlie above sizes, ve ma 
krtauge the tniia so that one of the intermediate axes carries & 
idle wheel, or thst there are do idle wheels in the ti'd.in. Tbe»'' 





Chance Wheei3 fob Cvnisa a i.,eft- 



ftirangements are shown by the middle and right-hand 
Tbe trains may be as follows : — 



With one idle wheel, 



Or, With no idle wheel, v- j. . = * = u 

Force-Ratio and Power Transmitted by Gearing. — For certain 
purposes, as in hoisting and similar machinery, a small effort, P, 
moving through a coraparatively great distance, nmy be utilised in 
overcoming a much greater effort or resistance, W, through a 
much smaJler distance. For other purposes, where speed is the 
ultimate desideratum, the converse of the above would be adopted; 
i.e., a large effort, P, moving slowly, overcomes a smaller resist- 
ance, W, moving rapidly. In any case, it is evident from the 
Principle of Work, that what is lost or gained in speed is gained 
or lost in tbe resistance overcome. To modify tbe effort during 
its transmission to the working poict, suitable mechanism baa 
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to b^ employed. Several forma of meehftiiism for this purpose 
liiiva liepn considered in previous Lectures; consequently, wo 
proceed at once to expreea tlie force- I'tttio obtttiQed by a train 
of w Heel a. 

Lefc tbe effort, P, be applied by hand or by an engine to the 
end of a lever or cfank rigidly fixed to the JirH axle or shaft at A, 
■whilo the resistance to be ovevcoine is applied at the cireumferenoo 
of a drum or pulley keyed to the last axle or shaft, F, in the 
folio-wing train of wheels : — 



Let P^, P5, Pj = Tangential 



pressure 



tpo 



i of contact of 



= Length of lever handle o 

• = Radius of drum or pulley, 

• = Value of train. 
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M^ultiplyiiig together thu correspnnding raembars of these k 
tions, and cancelling the terms Pj, Pg, and Pg, we get : — 






(VI) 



The results ex|>re8sfld in equation (YI) may be t 
arrived at in the following way ; — 

By the PriiicipU of Work (neglecting friction, die), ■? 



P X its displacement = 



W X its displacemerU. 

W^s^ displacement in a given time 



W P'b displaceratjut in the ai 

P _ V elocity of W 

W " Velocity of P ^ 



Or, 



W ~ R 



i used in finding the 



Equations (1), (2), (3), and (4) i 
tangential resistances P,, P^, P^. 

Neglecting friction, the {lower transmitted at any stage of the 
tranamission is constant. Thus, the power transmitted from the 
second to the third shaft is the same aa that done at the driving 
or working ends. 

Let H.P. ^ 




Horse -power transmitted. 
Tangential press ui 



at pitch snrface of 



any given wheel in the train, 
Velocity in feet per minnte at the pitch surface 
of the given wheeL 



m^m 



■PTJHOHABE WINCH OR CBAB. SW 

T^SAHFLE ni. — The handles of a double-piirchase lifting ccab 

•■Te 16 inohea long. The pinions have li and 20 tseth i-espec- 

, ^vely, and the -wheels gearing with these have 84 and 100 teeth 

I ^tspefitively. The diameter of the barrel is 12 inches, thickness 

I "t »pe 1 inch. Find the effort, P, necessary to raise a load of 

■W owts,, friction being neglected. If the diameter of the pinion 

' "ii tbe first motion shaft h« 6 inches, find the pressure between 

tile teeth of each pair of wheels in gear. 




Ahbwee. — The accompniijing figure shows a g 
"nble-purchase lifting crab. For sketches and descriptio 
Miliar Ufitdng machinery we must refer the student to the author's 
Manual on Applied Medtanics, liecture XIII. 

Here R = 16 inches, r ^ radius of barrel + J thickness of 
= 6^ inches. 

,- 1 ,, . li >c 20 

Value of tram = e = ^ , .. ,„„ 



H SM LECim n. ^^^^H 


■ 


_9:. >^^B 


■ "'■ 30 X 113 ' 16- ■ » • V 


1 i^ r.lMllis. 1 


■ BinoetLeK«st«t>k«]idka,tkeeSirt anted oaodk' 


■ }r.»«Bi. 




B 


1 


L 

^^^_^ 
^^^^K 


^^^ 1 


^H .^^^i^/ 


^^^V *"'-'-— yi^^ p,^~^>\ 


^^^^^L ^^/ ^^~>*^ ^ \ 


H v^"® / 


DuoKUt or Wbeel-wokk of a Docble-pcbceasb Cb 
TO Illcsteatb Exasifle III. 


I*t Pi, Pj = Pressures between tlie first and secon 


and their followera respectively. 


Then, Pj x radius of pinion A = P x E. 1 
P,x 3 = 45-5 X 16. 


Pi = 243 lbs. 


Also, Pa X radius of picion C = P^ x radius of wha 


„ „ radius of whe. 
2 i"* radius of pini. 


T, T, ,, number of tee 
Of. ^^ ^1'^ number of tee 


i.*, P^ = 243 X l-J = 1,019 


. ^ 



POWER TRANSMITTED BY TOOTHED GEARING. 

Prom these results we Dotice that tlie wlieelB should be made 
Bttonger as tbej approach the barrel shaft, 

EiAMPLE IV. — A water-wheel making two revolutions per 
minute is proyided with an intenial toothed wheel of 24 feet 
diameter at the pitch circle. This wheel gears with a train of 
wheels, thus :— Pinions of 8, 6, i, and 2 feet diameter, and wheels 
oflS, 10, and S feet diameter. The last shaft in the train carries 




*/ope pulley of S feet diameter. If 40 horse-power be trans- 
JJ'tteii, find the total driving tension in the rojies and the pressui-o 
Mtweeii the teeth of each pair of wheels in the toothed gearing. 



AsswEB, — The arrangement ia i 
sketch. 



. by the accompanyini 
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The value of the train is : — 

24 X 12 X 10 X 8 ^^ 
o X o X 4 X 2 

22 
», = -^ X 8 X 2 X 60 ft. per nuniilib 

Let T » Driving tension in ropes in lbs. 

TV 



Then, H. P. 






33,000 ' 

40 X 33,000 
22 

y X 8 X 2 X 60 



487-5 lbs. 



Let P^, Pg, <Src., denote the tangential pressures at the pitdi 
circles of the various pairs of wheels in gear. 

Let Va, ^, &c., denote the radii of wheels, A, B, &c., respec- 
tively. 

Then, since the power developed at pitch circle of wheel A, is 
equal to the power transmitted by ropes on pulley K, we get : — 

Pj X Circumferential speed of A = T x Circumferential speed of "SL 

Pix2^ra]Sri = Tx2^rib]Sri . 

Pi = Tx^xe. 

Or, Pi = 437-5 x ^^^ x 60 = 8,750 lbs. 

Next, Pg X re = Pj X r^ . 

Pg = 8,750 X -| = 5,833-3 Iba 



But, Po X ^e = Po X rd . 



Pg = .5,833-3 X I = 3,500 lbs. 



Lastly, ^^^'^g = ^s ^ ^/ • 

\ = 3,500 X ^ 



P. = 3,500 X y =: 1,750 lbs. 



Leqtttbe XI.— QcEsnoKe 

LKDeGnB the following terma as applied to gearing: — Fitch aurfkiMfi^ 
" ' ' ^ and pitch point. Illustrate your answers by reference (1) ti 
' [Q) to a, bevel wheel, and (3) to a rack. 

. angular velocity. Ctven the angular velocity of a body nbaat 
a, show how you would find the Unear velocity of any poiot id 

s the pilch circle of a toothed wheal. Prove that when two 
els, whose aies are parallel, gear together, their angular velocities are 
,s the diameters of their pitch cirolea. Two ]>arallel shafts an 
ce of 44 feet, and they are to rotate with velocities as the num- 
iTand II respectively. Determine the diameters of the pitch circles of 
■purof t^eels which would pive the required motion. Ans, SJ^ft. and3|-ft. 
4. Define the term train 0/ lalirela, and explain how to find the va.1ua ot 
ina train. Arraoge trains of wheels for the following values of f, na 
o have less than 12 teeth, and no wheel to have more than 120: — 
1.200 880 35^ _4B0 2*0 
35 ' 88U' 1,200' 2,000" 
I mitre and idle wheels, and for what purposes ore they usedT 
of the use of both. 

hy aid of a sketch, the nae of a Marlborough wheeL A Eha£b 
I two parts, the parts bein^ still in line. Sketch an arrange- 
°'<ot 4f wheels whereby one part of the shaft may drive the other at twice 
"Billed nf the fivst. 

J- Bescribe the operation of cutting a screw in a lathe, showing 1^ 
^Wi required, and how they are placed to cut a r^ht-banded screw with 
° ureadi to the inch in a lathe whose leading screw is of i^ inch pitoh. 

S; Eiplaiu the use of change wheels in a sciew-cutting lathe. Tit >• 
"'^lito cut a screw of ^ inch pitch in a lathe with a leading si 
*threada to the inch, using 4 wheclK. If both screws lie right-! 
™t wheels would you empToy? (S. & A. Adv. Exam., IS87.) 

8- The leading screw in a Belf-acting lathe has a jjitch of i inch, show an 
""Bfjenient of change wheels for cutting a screw of J inch pitch. 
, '0- You are required to cut a left-handed screw of 5 threads to the inch 
'^i lathe fitted with a right-handed jjuide-screw of ^ inch pitch. Show 
™ir|y by the aid of sketches the change-wheels which you would employ 
'"' the purpose, indicating how they would be respectively carried, and the 
""mberof teeth in each wheel. (S. & A. Exam., 1891.) 

". The leading screw of a lathe is | inch pitch and right-handed. The 
!'' of change wheels beionging to the lathe consists of the following ; — 
3 ^. 30, :J5, 40, 45, BO. 60, 70, 80, 90, 100, 110, and 120 teeth. From 
iheae devise suitable trains to cut the following screws and draw np a table 
« rrnir results :— 4, 4i, 5, 51, 6, 6i, 7, 8, 9, 10, 12, 14, and 16 threads 

'" A wheel of 40 teeth is driven by a winch handle 14 inches long, and 
^^ with a rack: having teeth of 1 inch pitch ; apply the principle 01 work 
■"find the driving pressure exerted on the rack when a force of BO Iba. is 
wed at the end of the winch handle. Ans. 110 lbs. 

'"' IJketch, in side elevation, the wheclwork of an ordinary Ston lifting; 
"I^' In doing so, it will be sufficient to represent the wheels by their , 
^'^ circles. If the weight raised moves through 1 inch when the driving J 



right-handed. 
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handle movea through 40 inches, find the weight which could be raised b; 
60 lbs. applied at the end of the lever boodle. Am. S,4t)0 lbs. 

14. In a model of a, lifting crab, the circumlerence of the circle deacribed 
hf the end of the winch handle is 43 inches, and the circamference of tlw 
dinm which raises the weight is 14'9 inches. The wheelwork. giv«s to 
advantage of 8 ti> 1, and it in lonnd b; trial that a force of 3'1 Iba. on tbft 
winch handle just auffices t^ raise a weight of 66 lbs. hanging on a cord 
wound npon the drnm. What proportion of the ]iawer exerted is lost in 
thismodelT Ann, 21-76 per cent. 

15. Sketch two views of a treble-purchase lifting crab. In doing so it 
will be enfficient to represent the wheels in side elevation by their pitch 
circles. Apply the Prineiple of Work, or the PrinciplB of Moments to 
determine the force-ratio, P : W, and the pressare between the teeth of 
each pair of wheels in gear. Ex, In n trsble-parchaee lifting crab the 
handles are IG inches long; diameter of drum 16 inches, thickness of rope 
2) inches. The wheelwork conaiBCs of the foUowing : — Pinions 6, 6, and S 
inches diameter; wheels 24, 30, and 36 inches diameter. Sappoaiug two 
men to work at each handle, each man exerting a force of 30 Iba., find the 
weight which oould he raised, and the pressure between the teeth of 
each pair of wheels in Bear. Allowing SI} per cent, for friction, find the 
aotnal weight which could be raised by the four men. Ans. (1) 8-34 tons 
nearly, 6)0 lbs., 2,560 lbs., 9.600 lbs.; (2)5-S4 tons nearly. 

16. A water-wheel making two and a-half revolutions per minate ia pn}- 
vided with an inCemal toothed wheel of SO feet diameter at the pitch circle. 
This wheel gears with a train of wheels, thus : — Pinions of 6, 4, and 2 feet 
in diameter, and wheels of 10 and 9 feet in diameter respectively. On 
the last shaft a pulley 10 feet in diameter ia keyed, on the rim of which 
there are foar ropes. The horse-power tmnsmitted by the ropes is 20. 
You are required to find the pull on each rope, the pressure between the 
teeth of each pair of wheeu gearing together, and the revolutions per 
minate made by the pulley. An$. 56 Iba., 4,200 lbs., 2,520 lbs., 1,120 lbs., 
63' 7d revolutions. 
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LECTURE XII. 

CosTCNTs. — FrictioD Gearing— Power Trnnamitted by Ordinary Frictiot 
(jeariug— E»apiple« I. and IL — Kobertaon's Friction or Wedge Gear- 
ing—Power Transmitted by Wedge Geariog — Queationa. 

Prictton Gearing. -Friction gearing is that form of gearing 
wherein the wheels in coutact are driven, the ooe by the other, 
by reason of the friction between theii' pitch surfaces. The wheeli 
rMjuiro to be pressed together in a direction normal to their julcli 
BUrfaces at the line of contact, with a, tbrce sufficient to give a 
frictional resistance greater than the tangential resisbince to 
motion. The wheels may be spur or bevel, according as the shafts 
are puratlel oi' intersecting. 

In order to insure snUicieiit frictional resistance aod Btnoolh 
working, it is usual to face one wheel of the pair with seine 
oompi'ussible material, such as wood, leather, india-rubber, com- 
pressed paper, &c. When slipping takes place betweeu the wheeb, 
"flate" are soon formed on the face of Hie/oUower (this being the 
wheel which lags behind the other), white the face of the drivsr 
gets equally worn all round. For this reason the driver, and not 
the follower, id &ced with the softer material. 

The usual forms of rims suitable tor spur and bevel friction 
wheels are i^hown by the accompanying hgurea 




Sbotioh ov Bevkl FRionotr Whkbl 
a of the driver is faced witlv wood or leather, the differeni 
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I&jers of wLich are nailed or glned together and then held in 
position by bolts as shown. When wood ie used the grain should 
lie in a direction tangential to the working surfaces, the wear being 




:n more unirorm all over. The rim of the follower is of caat 
iron turned in a lathe. 

Friction gearing of this kind is more employed in America thaa 
in this country, beiiig often applied for driving saw-mills, &c. 

Power Transmitted by Or&ary' Friction Gearing,^ We shall 
now proceed to calculate the necessary pressure to be applied to 
die wheels in order to transmit a given power. 

(1) Sy Spur Friclion Gearing. 

Let P = Pressure between wheels at pitch line in pounds. 

„ T = Tangential resistance at pitch line in pounds. 

„ V = Circumferential velocity of wheels in/eel per minule. 

,,/!.= Coefficient of friction for surfaces ii 



Then, Work trantmitted = T V ft-lbs. per minute. 
TV 

^■^- = apoo 
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If there ia I 


o be no slipping, we mnsl hare ^— 




T = ^P. 


Or, 


'^l 


But, 


„ H.P. X 33,000 




„_ H.P. X 33,000 

'^ T-B 



(TO 



Elqimtion (IT) gives the least pressure between the wheels ii 
order to transmit a given power. 

The pressure, P, flhnuld always 

H.P. * 33,000 

be greater than ■ y 



/I 



so as to provide against contin- 
gencies, such as oil or water get- 
ting on to the sur&ces of the 
wheels. If P be less than this, 
then slipping must take place. -.- — 



% 



■^ 




Srrit FsicnoN OKji&Dia. 



BrvEL Frictios Whbka 



(3) Bjf Bevel Friction Gearing. 

Let Pi, P^ - Thrusts along shafts 1 and 2 respectively. 
f/,, d^ = Mean diameters of wheels 1 and 2 respectivi 
K = Normal reaction between pitch cones. 
T = Tangential resistance at pitch line. 
2 a = Angle of pitch cone 1. 
90° - a = Half-angle of pitch cone 2. 
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Since tLe presaureB aloDg the axes of the shafts are Pj aQil P^, 
It follows that these are also the pressures at the pitch line, and uot 
13 indicated by the figure. 

The normal pressure between the surfaces is : — 
P, = E COB {90° - a) = E, sin a. 



tana 


rfj 


1 


Jd^ + di 


VI + tan^o 

P J<^ + tii 

P V<' + di 


J^ + di 



^^ /TT • 

„ „ „ H.P. 33,000 rf, 

I Con»qu.n%,P,^ _^_ . ^-^=i_ .... (HI) 

1 AnJ „—H.P. 33,000 d. 

' *"''■ ^'^-^- ■ vTrs ■ • ■ ■ <"■' 

Equations ^III) and (IV) determine the least values of the 
I ajual thrusts in order to insure sufficient frictioaal resistance for 
I trauamitting a given power. 

I The following values of /i may be taken ": 

For metal ou metal, . . /t = '15 to -20. 

For wood ou metal, . . . ^ = '25 to 'SO. 

For millboard on metal, , . . ^ = -20. 
* Dnwjn'B Machine Dedga, part L, p. 23^, 
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'I'ukiiig thci greitteat and least of the above valaes for /*, wewe 
that in iiT)ur friction gearing, the Bmallest valae of P most lie 

T T 

biitwfpn -„ uuJ _YK, i-"; l*tween 3JT and 6j T. 

1 ti [iMotice, the widtli of the face of frictiou wheels is aboac tlw 
wMiio U8 that of li single leather belt which is required to transmit 
th<^ HAiUB power. The tangential force amy be takeD at froa 
Ifi to 30 lbs. per inch of width when the face of the driver is lined 
with wood. In the case of a wheel with millboard face, the 
laogcntiikl force transroitted was observed, by Prof. Unwin, to he 
ax gr<int aH HU IIih. [>er inch of width.* 

It will be a[)[iiireiit that friction gearing of the above kind 
is imHiiiUHl for transmitting great power. The constancj of 
velocity -rat ill between the wheels cannot be relied upon. Gearing 
of this kind iit only used (1) whi-n the power to be transmitted is 
aniall ; (2) when the speed is so high that toothed gearing would 
bo noiiiy ; (3) when the wheels require to bo frequently put into 
or out of gear.f 

KxAKPLK I.— In a spur friction gearing the driving wheel is 
facod with wood, and gears with a metal wheel 3^ feet in diameter. 
The latter makes 200 revolutions per minute, and transmita 

10 U. P. Find the tangential resistance at the cirouuifei'ences of 
the wheels, and the necessary thrust to be applied to the bearings 
of the shafts, taking .a = -^b. 

Answbu. — Using the same notation as in the text, we have, 
H.P.-IO; V = Ttfn = ~.x 3J x 200 = 2,200 ft. per minute. 

_ H.P. X 33,000 10 X 33,000 



- = 150 IbB. 



Also, P = ^ = ^^ = 600 lbs. 



ExAUPLE IL — 5 K.P. has to be transmitted through a pair of 
bevel friction wheels. The diameters of the wheels are 2 feet and 
H feet respectively. The cii-cumferential sjieed of the wheels is 
1,0U0 feet per minute. Find the normal and tangential pressures 
at the Bui-face of contact of the two wheels, and the axial thraats 
to be applied to each shaft, taking /l = -2. 

Ahbwee.— Here d^ = 2tt.,d^^ IJ ft., V = 1,000 ft. permin. 
■ Unwin's Mackme Demgn, p. 284. 




Then :— 

Kormal pressure - 



Tangenital pressure = 
Also, 



WEDGE GEARING. 



H.P. X 33,000 




825 X 1^ 



Bobertson'a Friction or Wedge Gearing,— One objection to the 
ftdctioQ gearing just described is the great pressure which ia 
brought on the beuriugs, due to the force with whioh the wheels 




ROBBRTfON'S WSDCE OeARIA'G. 

require to be pressed together in order to secure suiEcient frictional 
resistance at their surfaces. To overcome this aud the previous 
objectioDa to the ordinaiy friction gearing, tUe ■wKee\4 ate ■&ii'b 



" ~ " ' 1w ^ wwal fit into tin wdge- 

rf If- tkii Mouu Che tneHaa ii 




to MKb wheels — va,, 

JU M'B *«». while woridng, 

t fctt^ MM due Bides of tko pra- 

» ^ 4b paaiia. Oh tliia Moeonnt the wheeli 

riA pi^ BMe. nii dificnl^ can be oreroon* 




WsDOE Geakiko. 

to a certain extent by mukmg the depth of the enrfscea in ooutiot 
as small as poHsible. I| 

The depth of the acting surfftce {i.e., the distance which the 
wheels penetrate each other when in gear) is giveii bj the 
formula ; — 

I = 0-025 VT.' 

Where I ia the depth of acting sur&ce, aad T the tangential resist' 
ance between the wheola. 

Power Transmitted by Wedge Gearing.— Consider the acbioa 
of one of the wedge-Bhaped projections in. its groove. When the 
wliGfln rotate, the action is similar to that of a wedge throat into 
the gi-oovo by a horiiontal force. 

* Dnwln's Machine Design, put I., p. 2S6. 
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liet Pj =s= Horizontal force on projection considered. 
yy R^ = Total normal reaction on each side of groove. 
,, F^ = Total friction between projection and each side of gi*oove. 
,, 2 a = Angle of wedge. 

Then, P^ = 2 B^ sin a + 2 F^ cos a. 

But, Fj = /t Rj. 

P^ = 2 Hj (sin a + fi cos a). 

Then, for all the wedges, if P denote the total force pushing the 
wheels together, and R the total reaction, P = 2 Fi, R = 2 • 2 Rj, 
and we get : — 

P = R (sin a + fi cos a). 

.•. as before, T ^ /t R. 
Or, R^-. 



But» T = 



H.P. X 33,000 

V • 

H.P. X 33,000 



Tj — H.P. X 33,000 sin a + /t cos a .«>, 

P^ V ]L • <^^ 

Equation (V) determines the least pressure with which the 
kneels must be forced together in order to transmit a given power. 

^rom this equation it is seen that the number of grooves or 
projections has no effect on the power transmitted. The number 
y grooves may be anything we please, but generally there are no 
fewer than two nor moi*e than ten. The pitch of the grooves may 
vaiy from J inch to If inches. 

u^sually the groove angle 2 a is 40". Hence, taking fi =-- '15, 
^e get :^ 



p -^ sm a + /t cos a 

sin 20' + '15 cos 20° 



T 



•15 
•342 + ^15 X -94 



» 



•15 
3-22 T. 



*•«.» P must be at least 3i times T. In practice we may take 




Hiai ill);- State the a^vutagea and dusdvanta^ex of 
_ mcntioa under what drcniiislaacea it is likely to be 

ia pidaeuLe to otiier kioda of gearing. 

libe, with Bketchea. the coastrtictiaii of the wheels used for fnctiaii 

State JODT nafoii* irhjr, in ordinary friction geaii-ing, one of the 

«dj ia faced with ■ sofm' material than the other, and say which 



The force JM 

.Jtheo .. 

t, showing ametiiodofeng^iiig and disengaging the wheela. 
Ant. 11-iaP. 

4. The diameters of a pair of beTel friction wheels are I4 feet and 4 feet 
napectirelj. The larger wheel makes 200 teTolntions per minute, and 
tnuumiti 10 H.P. Find the normal and tangential pressures at the pitch 
surfaces, and the axial thrusts on each shaft, u = '25. Prove the formola 
which you employ. Akb. 525 lbs. ; 131-23 lbs. : 184 lbs. ; 491 lbs. 

5. Describe, with sketches, Kobertson'e wedge gearing, and dedocs a 
ftmnnla few the presmre between the wheels for a given H.P. 
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LECTURE XILL 

CointXTs. — Constancy of the Vdodty- Ratio of Toothed Gearing— Prapiir 
tions of Teeth of Wheeli— Cleannce— Arc of Action— li elation betwea 
Length of Arc of Action and Pitch of Teeth— Clock and Watch niieili 
— Prinianr Conditiooa for Correct Working of Tontbed Wheels — 
Curves which satisfy the above ConditionB — Particular Cwet — 
(I.) When the Cycloid is a Straight Line— (II.) When the Epicycli»J 
U the Involute of the Base Tircle — (IH.) When the Hypocycloiii ii > 
Straight Lino— IIV.) ^\heii the Hypocvcloid U a Point— Cyoloidsl 
Teeth— Gee'i Patent Toothed Gearing— Exact Method of Drawingtlu 
Carves for Cycloidal Teeth — Practical Method of Drawing the Carra 
for Cyclo idol Teeth — Applicadon of Preceding Prinuipies to (be Cue 
of a Kack and ita Pinion — Particular Fonna of Teeth aa Dependent 
npon Chanftea in the Siiea of the Oeneratine Circles Employed- 
fltst Particular Caws— When the Hypocycloid is a Straight Line- 
lUck having Teeth with Kodial Flanka-Practical Method of Draw- 
ing the Involute Curves for the Faces of the Teeth on the Pinion- 
Seoond Pirticular Caae- When the Hypocycloid is a Point -Pio 
Wheels- Pin» ore always placed on the Follower— Back and Pinion— 
Diutdvantage of Pin Wheels— Questions. 

Constancy of the Velocity-Katio of Toothed Gearing.* — In ueariv 
every case of the tiBDsmission of motion bj friction or belt gearing, 
elippiug takoH pluco to a grecktcr or less extent, and hence the^e 
methods of transmitting motion are unsuit^d where an exact or 
constant vdccitj-ratio iu dotired. In such a case it is best to 
employ toothed gearing. Bnt, to insnie a constant velacity-ratto 
and emooth working with toothed gearing, tlie teeth uf the wheels 
mnst be carefully congtructed, and of Hiicli shapes that, when 
gearing together, certain geometrical conditiooa are fullilled. In 
this Lecture we shall endeavour to explain the principles according 
to which al! properly constructed teeth of wheels are made and act 
In the first place, we shall give some further detinitions aad 
genera] explanations relating to tfiotbed gearing. 

Definition.— The pitch of the teeth is the distance from the 
centre of one tooth to the centre of the nest tooth, measDiBd 
along the pitch hne. 

* The student may refer txi the followinji; books on gearing : — 
Practicai TreatUe on Oearing, hy Browne t Sharpe, printed by J. W. 

Pratt & Son, New York. 
Odonlica, by Geo. B. Grant, publiahcd by the Lciiogton Gear Works, 

Lexington. Mass. 
Hmidbooh on the Teelh of Geam, by Geo. B. Grant, BoatDn, Maas. 
Besel-Oears, by John W. Newall & Co , Manchester. 
A paper on "Setting out the Curves of Wheel Teeth," by W. J, Last, in 

Prpc. Itft, Civii Engineers, vol. biisix., p. 330. 
£ltnieiita B/ Machitit lieeign, by Prof. Unwiu, published by Lougmr.ns, 

Greea & Co, 
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Let d = JDiameter ol' the pitcli circli^ in inches. 
„ p = Pitch of teeth in inches. 
,, n = Number of teeth on wheel. 



And, 



- "A. 



.% measured in this way, i 
e chiefly need by engineer 
it method of measuring the pitch is sometimes adopted, and 
B called the Diametral Pitch, According to thin method the pitch of 
the teeth is stated as a fraction of the diameter of the pitch circle. 

Thus, if the diameter of the pitch circle be iO inches, and the 
lumber of teeth on the circumference be 120, then : — 



Diametral Pitch = 






In this case, the size of the wheel would be spoken of as one of 
3 teeth per inch of pitch circle diameter. 

Let p^ = Diameti-al pitch of teeth in inches. 

Then, using the same notation as in the case of circular pitch: — 
^ 1 
^^ = « (11) 

Or, rf = n P^ •' 

The student will notice that equations (II) are much simpler 
than equations (1), from the fact, that it is easier to treat of 
the suWivision of a straight line than that of a circle. It ia 
for this reason, that several engineera, especially American, 
ad^'ocate the adoption of this method as being more convenient 
for stating the sizes of wheels. In this country the circumferential 
pitch is the one chiefly Hsed, except in the ci 
(such as the change wheels for a lathe) whose si 
in tennB of their number of teeth per inch in diameter. 

The relation between the circular and diametral pitches c 
slated thus : — 



e often stated 



From (I), 



/>,:/? = 1 : :r 




wm fitek uttat alvays be undentood 
■IbA, —1m otherwise expressly stated. 
ttKM if ft tooth is that part of its actiifl 
■m talSMB tka |atd mrtace ajid the crest of thi 

iff « tMlli te tkat put of the acting surface triucti 
" *! KEbce and the bottom of the spacet 



h it ftaS iBMgiuiy circle which toacbu 
off •■ On tota €B the lAed. 

te ttefc *— e*— T circle which toaches tlis 
vttkktfutm biftim the teeth. 

off a tXMth is the length of the tooth projecting 
a* jUfM sarfkm; or, tt is that part of the tooth Ijlsg 
~ M tad the addendaui sorface. 



' Iu.csTaATT<ia TU> DsrtsiTioN! or Tsftiis. 

The Above t«rinK wilt be understood from the aooompan^Qg 

figure. 

Proportions of Teeth of Wheels. — The proportions for the teetli 

of wheels vary slightly with different makers, but the following 
J nka, as given by Prof. TTuwin, represent good average practice : — 

I Let p = Pitch of tetth m iiwAm. 

^r^^ Then, Height of tofith ahom pitch line, 
^^^H Depth of tooth hdow ptte/t line, 

^^^V Thictnete of tooth {measured along 

^^^™ pilch line), .... 

r Width of epace betioten the teeth, 

I WUIh offtKe of tooth, 

' ( 



■Sft 
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Ate of Action. — Consider tlie action of a pair of teetb gearing 
together, from the instant at which contact begins to the instant 
•lubioh contact terminates. Daring the first part of the action 
the Jtank of the tooth on the driver is in contact with the faea 




rf the tooth on the follower. This continues until the pitch 
point is reached, at which instant the line of contact of the teeth 
ooinddea with the line of contact of the pitch surfaces of the 
*lieek After passing the pitch point, p, the face of the tooth 
TO tie d/river continues in contact with the fiank of the tooth on 
the faUmcer, until contact ceases. Action begiiu at a, the point 
M the tooth on the follower, and terminates at b, the point of the 
tooth on the driver. 
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Depinitios. — The arc of either of the pitch circles otsr 
which there is coutact between a ptur of teeth is called Uie 
Arc of Action. 

Thus, either arc ap h, or arc fp h, is called the arc of action. 
The arc of action ia divided at the pitcJi i>oint into two p»rB, 
called respectively the Arc Of Approach and the Arc of Becesi. 
By an in.spectiou of the above figure it will be seen that the 
length of the arc of approach depends ou the adihnduin of tbe 
teeth on the folhtoer ; whilst the length of the arc of WW* 
depends on the addendum of the teeth on the driver. To incrwae 
or diminish the arc of contact, the addendum nf the tenth must b» 
increased or diminished, as will be shown further on. 

Relation between Length of Arc of Action and Pitch of Teatlt 
— To insore continuous action between a pair of tooth«d wheels, 
there must, at any instant, be at least, one pair of teeth in geiX. 
Moreover, contact between one pair of teeth must not terminate 
before the succeeding pair comes into operation. This condition ffl 
insured by making the arc of action greater than the pit^ih of tnfl 
teeth. In most cases, especially with heavy gearing, two or three 
teeth are in gear at once, f/enee, the usual rule is to Tnake W* 
arc of aotion/rom three Co Jour times the pilch of the teeth. 

Clock and Watch Wheels. — In wbeelwork, such as in cloch or 
watches, where friction is most injviriona, the teeth of the wheel' 
are usually so designed that the driving teeth have no flank;, tind 
the driven teeth no faces. Contact, in such cases, occurs during 
the period of recess only, and then the arc of recess must be *' 
least equal to the pitch. The reason for this is, that the friction 
due to the sliding of the teeth on each othei' during action, is s*'" 
to be greater during the period of approach than that during the 
period of recess.* 

Primajy Conditions for Correct Working of Toothed WheelB.--" 
Having explained some general principles relatin;^ to tooth^ 
gearing, we shall now proceed to consider the necessary 0*f 
(iitions to be fulfilled in order that such gearing may ^ff»^ 
criiTectly. 

The two necessary conditions are ; — 

I. The radii of the pitch surfaces must he such that by roUi*" 
together they give the desired velocity-ratio. 

Let Ri, Rfl = Radii of pitch circles of wheels A and B. 
„ »i^, tuj, = Angular velocities „ „ 

Then, as a first condition we must have : — 
Ri : R„ = Wb 1 a*. 
* Friction between the t«etli of wheels will be considercci iu Lecture XV^^ 
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r, the radii of the pitch circles must be inversely as the 
angular velocities of the wheels. 

If. The shape of the teeth of the wheels rnnat be such, that 
the motion resulting tram their mntual action shall be the same 
aa that obtained by the rolhug action of the pitch surfaces. 

Let A and B be the centres of the pitch circles of two wheels 
working together. A B the liTie of centres, and p the pitch 

For clearnesa we have represented only one tooth on each wheel. 
The teeth are in contact at the point ab; a being tbi' jioint of 
contact nil tooth A, and l> the point of contact on tooth B. 

Let HK, ' 



mal to the curves of the 
teeth at their point of con- 
tact, intersect the line of 
centres at q. From A and 
B draw the perpendiculars, 
AMandBN, uponHK. 

With centres A and B 
dniw the circles jasaing 
through the poiut a b. Then, 
at any instant the point a 
IB moving along the tangent 
to the circle passing through h 
a, and having its centre at 
A ; i,e., the point a is mov- 
ing in a direction at right 
angles to A a with a velocity 
l?o = jj, X A d. Similarly, 
the point b is moving in a 
directioD at right angles to 
B b with a velocity vt = 

«„ « B6. But thouffb the- d., r. 

". , , ,° IujTjstsatino Primaby Conditions sor 

points a and O are thus mov- correct VFoeking of Wheel Tkkth. 
ing in different directions 

aud with different velocities, yet their compoiient veiocities along 
the common normal, H K, must be equal, otherwiise the teeth 
would either separate from or peuetrate each other. For an in- 
detinitely small movement of the wheels the only relative motion 
of a and £ is in a direction perpendicular to H E. 

Let o denote the equal component velocities of Va and vi, along 
H K. Then, with reference to wheel A : — _ 
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p = ..^ X A M 

Similarly, c = »p„ x BK 

»^ < A M = cub X B N, 
«^ : 4,8 = BN : AM, 

i.«., Rg : R, = B N : A M. 

Or, Bp :Ap = By : Ay [By similar tmngl«l I 

This can only be true when q coincides with p. Henw. the wi» 
tioQ to bo tViJfillt-il l>y the ciii-ves forming the teeth of wheels i"'' 

Tbe common normal to the corves at the point of contact of 
pair of teeth mnst always pass throiigh the pitch point. 

Carves which Satis^ the above Condition. — It now reiuft'"* 
to describe curves which shall fulfil this condition. The proble"* 
of ileterminiog the proper shape of teeth admits of many sulutioi*"' 
Any shape can be given to tbe teeth of one of a pair of wbe»*'* , 
gearing together, so long as a corresponding shape be given *^ 
the teeth of the other wheel, to fulfil the above condition. 

Two principal curves have been used by engineers for describi^jB 
the teeth of wheels. These are the cycloid and the involnte.* ^^\ 
shall now explain the nature of these curves, and then show tt**^ 




Tut! CVCLOID AND EOW IT IS DKSOBIBKD. 

teeth formed according to them satisfy the above condign ^P* 
\ wrrect working. 

Definition.— A cycloid is a cnrve traced out by a point ^ 
the circumference of a circle which rolls along a straight line. 

The form of this curve will be understood from the accompai^, 
ing figure. Tbe rolling circle, G, is called the generating r^n^ ^ 
I Tlie point, P, which traces out the curve is called the tracing jxn'^^ 

I The line, A B, on which the circle rolls is called the baae line. 

I ■ Cycloid is derived fmin tlie Greek word uiicXos, signi^inR a ring oc"" 

tircio; Epicydoid from *irl, signifying upon and ■ilsAot; xaS HymqKlC^ 
I from Biro, gijtnifying undrr and kOhKo^. liivolnit is derived from the L»0* 

' words in, signifyitig vpon, and volvo, to toU. 



TBB ZFIOYOLOID AND HYPOOYOWID. 



IP 



The length of A B ia equal to the circumference of the geuerat- 
ing circle. Jor auy position, G, of the generating circle, we have 
A C = arc P C of the circle. 

When the base line is a circle tbe curve traced out by the 
traciDg point ia called an Epicycloid or » Eypocycloid according as 




The Hypocyoloui. 
ACBia the Baee circle, P the Tracing poiut, G the Geoeratuig circle. 

^e generating circle volla on the convei: or concave side of the base 
•circle. We may define these curves separately, as follows :— 

Definition. — An Epicycloid is a curve traced out by a, point on 1 
■^B circumference of a circle which rolls on the Convex arc of j 
another circle. 




ffmk -. tten. ci»iif. chft eftbid wkwU baeoua » ftrmigSl &^ ;» 
pm»dimiimr» cA* iaaw iIbml ^3. Aa myiieaooH a£ diM iibtte 

a. mmtte^i^daiAisaB limiila of tbs Ban CMc- 
If tte nana otf^ tfe ^MMia^ .nd* <tf ite ^p^egroicn^ bs inficdtctr 
V g C; b— »M i M ^ IJD^ and di« ^ieydoi^ 




A P. in DOW termed the InTolBte of the Base Grcle or amf^ a 
Imohlte. Ad ineoiTite of a circle ia tlie carve traced oat hj a 
fioint rm the tree eoii of a stretched string whea the string is \Mog 
nnwODnd from tbe circle. The form of thia curve will bo nndet- 
aUxxl from the left-hand figare. 

in. When the Hypocycloid is a Straigbt Line. — If the diameter 
of tbe generating circle be eqnal to half the diameter of the circle 
inflide which it roila, tlien the hypocycloid traced out by the tradag 
point will be a xtraight Hoe, and this straight line will I 
aiatnnter of the bn§e circle. Thia case is shown faj the figi 
the rii{bt. 
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3 tracing point be at A at the beginning of its motion, 
F and at P foi- any position of the geoerating circle. Join O A, GV, 
md C. C passes through G, the centre of the generating circle. 



=^CGP 


. 0, ^COA = p. 


arcPO 


arc A C, by defin 


GO X B 


= C >: ?. 


GC 


^ J C, by bypoth 


S 


= 2 p. 



Now I is an angle at the centre of the circle G, and j) is aa 
angle at the circnmterence of the same circle. Bub, since t = 2 ^, 
it follows (converse of Euc, III., 20) that these two angles must 
stand on the same arc, P 0, of the circle G, Therefore, P lies on 
the Hue A. This being true for any position of G, we conclude 
that P moves along the straight line A B, which is a diameter of 
the base circle. 

IV". When the Hypocycloid is a Point. — By a reference to the 
following left-hand figure, it appears that the aame hypocycloid 
can be traced out by either of the generating circles, Q[ or G„, 
when the diameters of these circles ai-e such, that their sum is 
■equal to the diameter of the circle inside which they roll. 





The HYFocroLOiD Deobnbkatino 

Now, if the circle G^ goes o 
APE, becomes more and n 
until, ultimately, when G^ becomes nearly equal in size to the base 
circle, the hypocycloid is a small half-loop, as shown by the right- 
hand figure. The same thing takes place as the circle Gj decreases 
in .siae. Hence, when the generating circle is equal in size to the 
base circle, the hypocycloid degenerates into a pomU 
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The carves of the cycloid class have many important geometriol 
properties, some of which are familiar to stadents of higher 
Dynamics, hut the only property with which we are concerned 
here is that one relating to the normal »b Hny point of the cnne. 

Referring to the above figures, let (J be the point of contact of 
the generating circle and bsw line; P the ti-acing point Then, 
at any particular instant during the rolling of the circle G, tbt 



1 



tracing point, P, will be 



radius ia C P, and having 
C as its centre. In other 
words, C is the imtton- 
taneou* ernlre of motiim, 
t ' P ia, therefore, the mdioi 
of curvature of the cucra 
at the point P. HeBce, 
the normal to the ciirw 
at the point P iH in tb« 
direction PC. It ia ihii 
property of the cycloiiW 
and involute curves which 
tit them HO well for tJ)e 
teeth of wheels. 

Cycloidal Teeth. — Let 
EipEj, HjpHj be the 
pitch circles of two whrvi< 
gearing together, p being 
the pitch point. Let G 
be the Jixed centre of ft 
third circle touching the 
other two circlea at ibd 
pitch jioint, p. Let P be 
a, tracing point on the 
circumference of thi» 

At the beginning nf 
motion, let P, E,, and 
H;i all coincide at the 
point, p. Let the three circlea now roll in contact with each 
other in the directions indicated. The point, P, will then desoribs 
simultaneously the epicycloid, E, P E^, outside the pitch circle. A, 
and the hypocycloid, H, P H,, inside the pitch circle, B. Since 
both curves are traced out by the same generating circle and 
tracing point, it follows, from what has already been said, that the 
common normal at their jxiint of contact, P, always jjasaea through 
the pitch point, p. Bat this is the very condition which we have 
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Wn seekiDg to fulfil, and we now sen that teeth of the cycloidal 
class satisfy this coudition for correct workiug. The part, Ej P, of 
the epicycloid may represent tLe curve for the face of a tooth oil 
the wheei. A, and the part, Hj P, of the hypocyoloid the curve for 
therfoiii of a tooth on the wheel, B. Hence, if the /oco of the 
t«th ou the one wheel, and the Jlanke of the teeth on the other 
be described by the same genareUiitg circle, the two wheels will 
*nri correctly together. 

The student should observe that the action between a pair 
of teeth, howetrer perfectly formed, in not wholly due to the 
Miny of one tooth on the other. An inBpection of the pre- 
Tinna figure will make this quite clear. Thus, at the beginning 
of the motion described, when P coincidea with }>, E, eoincides 
*ith H]^. When the motion is such that P ia brought into the 
position shown on the figure, the length of epicycloid described is 
E, P, and that of the hypocycloid, H^ P. These arcs are not 
pqnal in length, E^ P being greater than H, P. Therefore, the 
stnount of tlidiiig is E^P - H^ P. Hence, the action between a 
P»ir of teeth in contact is partly sliding and partly rolling. 

It 18 not necessary that the same generating circle be employed 
for describing both faces or both flanks of the teeth on the aame 
*lieel, but it is very advantageous to have the teeth so described, 
*8pecialiy if the wheels require to run in either direction. 

Gee'a Toothed Gearing. — When the wheels require to run in 
one direction only, the posterior or unacting surfaces of the 
weih may be given any shape whatever. A form of toothed 
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Bearing, known as Gee's patent gearing, has lately been intro- 
'f'lced^ and is said to be 35 per cent, stronger than the ordinary 
J^fii. The driving surfaces of the teeth are of the usual form, 
"'■' the other surfaces are more inclined, aa shown by the accom- 
l^nying figure. This causes the roots of the teeth to be much 
*liicker than with ordinary teeth, and hence the increase of Ntrength. 
Suct Method of Drawing the Curves for Cycloidal Teeth.— 
*he method of describing the curves for the teeth of wheels will 
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LBCrUSX SIL 



tin^m 



Dov be «bsUt BiKierelood. Let G, npretent the generating; 
■Md tor deacfibt&g the Jaett of ihe teeth on wheel A and 
jlmtfa of the teeth on B ; G, the generating circle used for deacrib- 
ng tbe Etoes of Uie leeUi mt B and the flaalcs of the teeth oa A. 
Dm* Ae ■iHmitiini mad root ciicles and divide the pitch circlei 
nto as ■MBj tqmaS area u there will be teeth on the wheels. On 
eadi side of tbeae pointa of division aet off eqnol distances to repre- 
wtntlml/Ae ttucfcoem of « t«oth as messn red along the pitch oira!& 




TEKTB of Wb»¥L8. 



itch circle of « 



a. point o 
pitch circle B, from which the 
have to be set out. 

By placing the generating circles, Gj, Gj, in contact with the 
pitch circles at these )>oints, and then tracing out the parts of the 
epicycloids and hypocycloids between the pitch circles and adden- 
dum and root circles aa shown, the curves for a tooth on eacli 
wheel raay be thus described. This process may be repeated for 
all tbe teeth on both wheels, and we thus obtain a complete repre- 
sentation of a pair of spur wheels having cyoloidal teeth. 

Practical Method of Drawing the Carves for Cycloidal Teeth— 
The above methud of setting out the curves for the teeth of 



J 



riuoiiou. METBOD or samaa oor oortbs. 
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"wlieels, although mathematically esact and apparently quite simple, 
» f oHnd to be rather tedloiiB in practice, and consequently in 
[jug drawingu we alwuya find the true curves represented 
"*" ' lately by arcs of circles. The following method of obtain- 
a for the teeth of wheels is very often used in practice : — 
lalce a wooden template, T, having a thickness of ahont ^ inch, 
■MS of such a shape that its outer and inner edges are each area of 
» circle having a radius equal to that of the pitch circle of the 
"teel upon which the teeth have to he doaoribed. Make also 
bsmpUte segmente of the generating circles, Gg, O^, a 
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■^WOTicAL Method ay Settinq out Cdevi's foe Testh o 



resents Drawing board. 
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represent 


Needle. 


„ Drawing paper. 






Tracing point of needle. 


Pitcfi circle. 












Addendum uircle. 












cloidalaco, o6. 
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for faceB of teeth 






spproiimately ooin- 


Generating circle; 






for flanks of teelh. 






cyoloidal arc, ac. 
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■mall pencil or needle, K P, through each, ao that the point, P, 
coincidee with the onter edge, as shown in the elevation. 
b"i\ a sheet of drawiDg paper on a drawing board, D B. 

this paper draw an arc of a circle baring a radios equal to that of 
tlie pitch circle of the wheel. By means of nails attach the pitdi 
circle template, T, to the drawing board in such a position thii 
iln etmvex arc coincides with the arc of the pitch circle drano on 
tlie paper. Now take the generating circle, G^, and bring it in 
contact with the convex edge of the pit<:h circle template, BO thit 
the point, P, coincides with the point, o. Roll G^ along the t< 
|ilate, T, in the direction indicated, when the point, F, ' 
ilescribe an arc of an epicycloid, ab. The arc of the epicycloid 
intercepted between the pitch circle and the addendum circle 
represents tbe/uce of a tooth. Now shift the pitch circle templitfe 
T, so that its concave edge coincides with the pitch circle drawn 
on the paper. By placing the generating circle, G^, in contwl 
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with the concave edge of T, and having the tracing poin* ^ 
pencil, P, coinciding with a, the hypocycloid, ae, can then °^ 
traced in the same ffianner. The arc of the hypocycloid inl^ 
oepted between the pitch circle and the root circle will repf*" 
sent the Jlaiik of a tooth on the wheel. 

Having obtained these curves, it remains to find, by trial, ''' 
radii and centres, E, H, of arcs of circles which approsimaWv 



SPUR WHEEIJS WITH CTCLOIDAL TEETH. 

B with the epicycloidal and hypocjcloidal arcs reKpectively. 
lese being fonnd, approximate curves can readily be driiwn to 
present the faces and ilanku of the teeth. This method is 
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y^ used by patternmakers when setting ont the curve* 

|Mth of wheels. For ordinary methods of repreaeuting ondrawin^ 

"* onrrea for the teeth of wheels, the student must conauH -wcn^ 
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on Macliine Drawing. The atodent moat be reminded, howerw, 
that tme cvcloidal curvee can never be accumtely represented bj 
wros of circles, however many of these maj be employed in 
pleting the dmwiug. 

The previous figures represent spar wheels with cycloidal teeth- 
Application of Preceding Principles to the Case of a Bade 
and Its Pinion. — For our present purpose, we may consider & rack 
an being simply a toothed wheel having a pitch circle of infinite 
ruiliiis ; and it therefore follows, that the preceding principles ste 
applicable to it 
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Tbe figure on the right-hand aide shows a rack and its pinicn, 
the pitch lines being shown by dotted lines. The figure on tiie 
left-hand side shows the application of the preceding principles 
ill obtaioing the curves for the teeth on both rack and pioioi^ 
1'lie generating circle, G[, ia represented describing the face of * 
tooth on the rack and the flank of a tooth on the pinion, whiw 
the circle, Gr„ ia employed in describing the flank of a tooth on 
the rack and the face of a tooth on the pinion. The curves 
forming the faces and flanks of the teeth on the rack will thus ''* 
arcs of cycloids. 

Particular Forma of Teeth aa Dependent npon Changes in t^J 
Sizes of the Generating Circles Employed.— In what has preced^: 
we have been chiefly concerned with a discussion of the gene* 
character and shape of teeth of the cycloidal class, and we now & 
on to consider a few particular cases as dependent npon the si^"^^ 
of the generating circles employed. *i 

First Particular Case — When the Hypocycloid is a Strai^^U 
Line. — We have already shown, that when the diameter of 
generating circle is half that of the circle inside which it rolls, 
hy]«)cycloid traced out by the tracing point ia a diameter 
iaae or pitch circle. This being the cn.se it ia easy to see, that 
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,the flanks of the teeth of ii pair of wheels be described by 
generating circles, whose diameters are half that of the correHpond- 
ing pitch circles, such flanks will be straight or radial. 

The method of setting out such teeth muy be briefly stated 

IJet A and B be the centres of the pitch circles. Take geiieratiug 
^rcles, Gu ^bj having diameten respectively equal to ha^ftlioae of 







the pitch circles A and E By rolling G^ on the convex side of 
pitch circle, B, an epicycloid, b^ i^, will be traced out. This curve 
determines the form uf the faces of the teeth on B. Similarly, by 
rolling Gb on the convex side of pitch circle. A, the epicycloid, a^a^, 
will be obtained, which will determine the form of the faces of the 
teeth on A. 

The hypocycloids corresponding to these generating circles are 
straight lilies or radii of the pitch circles. Hence, to complete the 
curves for the acting surfaces of the teeth, it ia only necessary to 
draw the radii from the points a^ , b^ , &c. 

Teeth with radial flanks are thinner at the roots than at the 
pitch circle, ttnd if the wheel is small and has few teeth, it is not 
difficult to see that such teeth may exhibit comparative weakness 
at the roots, the very place where they should be strongest. With 
ordinary sized wheels, this need not present any serious obstacle, 
since the thickness at the roots may be increased by simply putting: 
in fillets between the straight flanks and the root circle. 
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Back having Teeth with Badial Flanks. 
«bore idea for the case of a. rack :in<I pinion, we notice that t 
generating circle to be used in describing the faces of the teellno 
the pinioD must have a diaoiet«r egual to that of the radiux of lit 
pitch "circle" of the rack. But sine© this latter "circle" liiUU 
infibita dianiet«r, it fi>llo<ra that the diameter of the generating 
circle just referred to mast also be infinite. Now, we have aired/ 
shown that the epicycloid traced out by a geaeratiog circle « 
ia6Dite diameter is an iiwoliUe of the bate or pitch circle, outstdf 
which this geoetating tarde is supposed to roU. Hence, tht fai^ 
of the leelh on the pinion muat be involvJes of ita own pitch cir^ 
The fac«e of the teeth on the rack are cycloids described by » 
generating circle, having a diameter equal to the radina of Hi 
pinion. 




The piinciple of construction for thia case will be underatW 
from the left-hand figure above. The complete teeth are represenwi 
by the righthand figure. 

It nuiat be carefully borne in mind, that the form of the acting 
surfacea of the teeth on the one wheel, determines the neceaswj 
form of the acting anrfacea of the teeth on the other wheel in gw' 
with it In the case of cycloidal teeth, the only necessary W' 
dition to be observed in their construction, in order to inaore 
correct working is, that the same geiierntiug circle be used i" 
describing the faces of the teeth on the one wheel aa that used in 
describing the flanks of the teeth in the other. This condition » 
clearly fulfilled in the two particular casea just considered. 

Practical Method of Drawing Involute Curves for the Faces w 
Teeth on a Pinion. — The following ia a simple practical method of 
drawiug the involute curves for the faces of the teeth on the pinion 
gearing with a rack having teeth with ladial flanka. 

D B is a drawing board, having a sheet of drawing paper, U "• 
4x»d to it Draw on the paper, full size, an arc, PC, of the 
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lie of the pinion, Haviog made a. template, T, of wood 
inves edge, struck with a radius equal to ttiat of the pitch 
the pinion, tix it to the board with this edge coinciding 
I, as shown by the figure. Sest take a lath, L, of wood, 
lue of its edges perfectly straii^bt, and carrying a small 
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TTiCAL Mbthou of Dkawikq Involute ox Pitch Circlb. 

IsDBt TO Paris. 
Bents Drawing board. I T rBpresents Wooden template. 

, Drawing paper. L ,, Wooden lath. 

, Pitch circle of wheel. | P ,, Tracing point. 

r needle, P, projecting from the straight edge. Let the 
edge of L be placed against the convex edge of T, and let 
b P coincide wiUi the point a, from which the curve must 
fow allow the lath to roll on the edge of T, ao that the 
edge of Xi will always form a tangeat to the pitch circle, 
ig taken not to allow any slipping during the process. By 
ins, the point P will describe a curve which will he an 
of the pitch circle, P C. An arc of a circle can now be 
rhich will approximately coincide with the involute arc ao 
,nd then the curves for the faces of the teeth may be 



1 Particular Case — When the Eypocycloid is a Point- 

lels. — We have already shown that the hypocycloid 

) a point when the diameter of the fjeneratvug cvttSe 
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•qoal to that nf the bue circle inside which it rolls, Hcdcp, if 
the ^wnetcrs of the genenting cinJes be takcD e<)aal in t 
Ife raspet^ve pilch circles of a pair of wheels liiteiided Ic 
together, it is dear, that the teedi on both whe«la will p 
the peeolikr propertj of having no jlajJe*. In this particular 
frtr. tlie iceth on one of the wheels must, theoretically, be men 
potBtB. In practice the teeth most have some magnitude, and 
eonseqnentlv we find pins instead of mere poiDt'L A wheel o' 
this description would be called a pin lehetl, and con^ts of i 
aeries of pins ptojectiog from the &ce of a circular disc, as shown 
by the following figures. When the pins are fixed between t 
discs we then obtain what is called a lantern ■wheel ; a fonp of 
wheel now r«rety used, except in clock and watch uiechatiism. 




PiK Wb: 



Lantsrn Whbbl, 



The problem now before lis is, given a piu or lanteru wheel, to 
describe the teeth on another wbeel which shall work acourately 

We shall first suppose the pins to have uo diameter, in at 
words, to be mere points. 
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Let A be the centre of the pitch circle upon which the required 
leeth liave to be described, and B the centre of the pin wheet The 
Renei'Hting circle, G, lined for desci'ibing the faces ol' the teeth on 
i, must be of the same size as the pitch circle, B. The shape of 
the complete teeth on A is shown hy the figiii'e on the right-hand 
ie, from wbicji it will be seen that the teeth have uu Hanks. 
To complete the problem we must modify the above fignre on 
e nght-band side to suit the actual case wUeu pins of definite 
diameter are substituted for the points on the wheel B. Having 
fixed upon the diameter of the pins, draw circles to represent 
Sieae round the pitch circle, B, as shown. At the points of inter- 
section of the dotted epicycloids with the pitch circle, A, draw the 
RnaU arcs inward (witli a 
ladiuB equal to that of the 
^na), to re[)resent the I'e- 
M8KM into which the pins 
enter when ajiproaching the 
JHtch point, p. Then draw 
■ftirves from the ends of 
thEse Mnall area parallel to 
the dott«d epicycloids as 
indicated, the distance be- 
tween the parallel curves 
teing half the diameter of 
the pina. 

It should be noticed , h ow- 
e'er,thit the jiarallel cnrves 
f drawn are vei'y approxi- 
mately epicycloids traced by 
*gEnerating circle equal in 
"« to the one used in de- 
Mrilwig the dotted curves. 

Hence, it is only necessary PiN Wheel. 

'" draw from the ends of 

«■* amall circular arcs, epicycloids with a generating circle equal 
™ diameter to that of the pitch circle, B, and these will represent 
''^e working faces of the teeth on A. 

Kub are always placed on the Follower. — When one of a. 
Psit of wheels in gear has plus instead of teeth, it is the practice 
*o place the pins on tfiat wheel whicli, m to bs tJie follower. The 
''•Win for this will be api>arent when we remember what has been 
^ regarding the friction between the teeth during the B 
'Ijiroach and recess. The friction during the arc of approach u 
*id to be greater than that during Kcess, and if this bi 
'" iUlowB, that the arc of approach should be as small as possibli 





Now, in tlie ftrrangemeni just conxiUiirrd, ' 

DO flanks, it i» clear tbnt there vriJl Ih: no arc of ajip 

•re of recess accDnliiig its the pin wheel ia the tblJower o 

driver. If the pin wheel be the follower, the whole of the i 

Iwtween the teeth on A and the I>inij ou B wilt occur afttr tb 

line of eentj-es — i.e., during the arc of recess. If B becomes tli 

driver, then the uhdie nf the action takes [ilace duriii<; the >r 

of approach. This latter arrangement should therefore not U 

adopted. 

Back and Finion.— Sometimen we find either a rack o 
fitted with pins instead of ordinary teeth. In any case, however, 
the tbove rule must be attended to — viz., lAe pim» alifay» uiii 
placed irn the folloicer. Hence two cases arise — (1) ihe pinioo 
may drive the rack, or (2) the rack may drive the pinion. 

(1) Suppose thu I'mion lo Drive the Rack. — In this C3se,tlie 
pins nitiKt be placed upon the rack. Now the pitch liu 
rack has Iwen stated to be jmrt of a pitch circle of inGoite nidini, 
and since the faces of the teeth on the driver ai-e supposed to bt 
described by a generating circle having the asme diameter u 
the jiitch circle of the follower, it follows that this geuenitii^ 
circle must also be of infinite radius. Hence, the curves fortli' 
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fiicee of the teeth on the pinion will be involutes of its own pitch 

The principles of construction in this case will be understood 
iron! what has preceded and by a reference to the accompanying 
figtires. 

(2) Suppose the Back to Drive the Pinion. — In this case, the 
pins must be placed upon the pinion. Hence, the faces of the 
teeth on the rack niiist he described by a generating circle, G, sipial 
in diameter to that qf l/ie ^jiicA oirde of the pinion. The curves 
for the faces of these teeth will thus be cydaidx. The method 
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of describing these as well as their appearance when complete 
will be easily understood from the figure. 





mCH LINE OF RACK 



Pin Whbel in Gear with a Kaok. 

Disadvantage of Pin Wheels. — Pin wheels are now seldom used, 
except in clock and watch mechanism, owing to a practical dis- 
advantage which they possess — viz., that the wheels required to 
gear with them have to be specially designed, and these latter can 
only be geared with one particular size of pin wheel, and with no 
other kind of toothed wheel 



LSCTTRE XUl. 



Lmrai XIIL— Questioks. 



I, Brflii'ti tbe teoM "pitdi'' (crrcal&r uui diametral), "pitch drdb' 
iad "filch point" •• nf£ed to toothed geariujf. State the nslatioa it- 
tvMB tha tinafat' lad Jmmatnl pitchn. 

~ ~ ' ■ ■ -....• .i ■ - -]^^ terras "Ua,' 

, , _ . _ J toothed gearing 

,__, B for the uldendnin and clearance (side aiu 

• at the latvh. Wh>t i* the effect of clearance en \it 
Wiliaa of the laeth ! 

3. Wh«i M BNUit by the j>ilei oS m tooth in a. spur wheel ? What are the 
wuftl bcnia o( teeth >ad how ue thejr de«cribc<l 7 Sketch two couiieciiCin 
teeth of a ipor wheel, and give the reUtivo froportioaa of the diflerest 
fUtt of a tooth in terms uf the pitch. 

mil thow by dii 
propartioiU. IC. atkd G. of t. Mech. Eug. Hons. Exun., 1»91.) 

5. What ia meant by the term arc of action* State tjie usual length^ 
arc of Mtioti in termn of the pii«h. 

6. Upon what priodple are teeth of wheeli of the epicycloidal and hypo- 
cyckddal (bnn coiutmoted ; Show onder what conditions they will wort 
properly. What ia to be done in order that any wheels of a set may work 
•ccnimtalylo^her? (8. and A. A pp. Mechs. lions. Ei&m., 1S93.) 

7. In fonning the teeth of wheeU, the geometrical condition ia that Uu 
MBmoB perpendicular to tlie turfoces of two teeth in contact shall alwayi 
pan throDgh the point of contact of the pitch circles of the wheels. Write 
oat a proof of this general propodtion. {S. and A. App. Mechs. How 
Exam., ISSS.) 

8. Give the theory for constructing teeth of wheels with radial flanka 
whkh shall work accurately together, the distance between tlie centreief 
the pitch circles of two such wheels beinjc 24 inches, and the requirad 
Telocity-ratio of the wheels 3 to 1, find the diameter of the rolling cinle* 
for describing the teeth of each wheel (S. and A. App. Mechs. Boiu. 
Exam., 1S85.) Am. IS ins. and 6 ina. 

9. A toothed spur wheel is 4 inches i)itch. Sketch a tooth and mark on 
it suitable dimensions. Draw accnrately a suitabte cnrre for such a tonth. 
taking the pitch line straight as in a rauk, and using a describing circle of 
S inches radius. (S. and A. Much. Coual. Uoaa. Exam., 1882.) 

10. What geometrical condition muse tie satished by the acting snrhca 
of the teeth of a pair of wheels in order that the velocity -ratio communicated 
may be cooataot 1 Show that this conditioD is fulfilled by epicycloidal and 
hypocyoloidal curves. 

II. Show, by sketches, what cycloidal curves sbould be used or approxi- 
mated to in the faces and Qinks of the teeth in the following caaGs:~- 
(a) Pair of wheels in eiterual oontoct; (6) Pinion and rack. It is only 
necessary to mention the proper curves, without attempting to draw theo. 
(S. and A. Mach. Const Hous. Eiam., 1SS3.) 

12. Define, and show roughly by sketchoB, the following cnrrea:— ll* 
cycloid, epicycloid, bypocycloid, nnd involute. Mention one properlyof 
those curves which m&ke tlietn eo useful for engineering purposes. IHsollM 
the vaiHouB particular forma assumed by those curves under porlaenltf 
circumstances, and state aome of their applications. 
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13. Describe the fbna of Gee's patent wheel teeth, and mention wh4t ii 
Oar idraatsge. (3. and A. Mach. Const. Eons. Exam., 1SS3.) 

M. In wheels with pins for teeth the pins ore always plocad upon tha 
fulknrer ; will ;oa explain this ? What are the chief disadvaDtages of pin 



1 



LECTURE XIV. 

COKTlKTa.— Path of ConUct with Cyoloidal Teetb — Obliqnity of B 

— Leogth of Cycloidal Tcetb for given Arcs of Approach and Recm- 
Calculation of the Length of Cycloidal Teeth — Exa.mplea L and II.— 
Diameter of Geiieratiog Circle — Leut Number of Cjcloidal Teetli lo 
be ]ilaced upon a Whuel— Cvuloidal Teeth for Wheels with iDterut 
Contact — Puth of Contact witii Internal Gearing — FormnliE for Length 
of Tetith at Iiitemal Gearing— Queationa, 

Path of Contact with Cycloidai Teeth. — Let the accompanpng 
figure Ti'iireseiit jxirlions of two pitch circles with their addendum 
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at &p the points a^ anil b^ being detecmined by the iatersectiiiti 
of the addeBdum and genKtating circles. During motion the 
]tomt of contact of the pair of teeth in question travels along the 
curve, dipfi,, which is made up of the arcs, a^^p, pbj, of the two . 
generating circles, G^, G^. 

Definition. — The path a,pij, along which the point of contact 
Df a pair of teeth moves, is called th:: Path of Contact. 

The whole path of cnntact ig diviileil nt the pitch point, p, into ; 
two parts called, respectively, the Path of Approach, a^p, aud the ■ 
Jathof Eecess,pij.* 

If the direction of motion of tlie wheels he reversed, then the 
J»y» of contact will be a^pb.^. 

The path of contact in the case of cycloidal teeth \& always 
QKuW, bnt in some forms of teeth, for example involute teetli, , 
tfle path of contact may be a straight line. The student should , 
Mamine all the preceding particular caiea and ascertain the nature . 
^ the path of contact. He will then see that in teeth with in- 
TOlnte faces jiart of this path is a straight line. 

Obliquity of Reaction.— We have seen that (neglecting friction) 

'te direction or line of action of the mutual pressure, or reaction, 

iietween a pair of properly constructed teeth in contact always 

Passes through the pitch point, p. Tlie angle which this direetiun 

^'^o-kci with Hie common tangent to the two pitch circles at their 

point of contact ie called the Ohliquity of Reaction. Thus, iu the 

P''evioas figure, the direction of the mutual pressure or reaction 

** the beginning of contact of a pair of teeth is along a^p, and 

*^ the end of contact along ^6j. The obliquities of reaction at 

Jheae two particular points are denoted by the angles a^ p M, 

1 P N respectively. When the point of contact of the teeth 

?^ohes the pitch point, p, the direction of the reaction is along 

^ ^, the common tangent at p, and at this point the obliquity is ■ 

*ero. Thus, the obliquity of reaction in the case of cycloidal 

^^tl], varies from a maximum at the beginning and end of contact 

**' a. pair of teeth, to zero at the pitch point. With such teeth, 

The student must careEully distinguiBh between the tonas paC/i of 
™^(ojtt ami arc of eojaarl. The latter terra refers to the arc on either 
P^cA (ircie turned through by that pitch circle during contact of » pair of 
^^'^h, while the former refers to the aclitai jiath traversed by the point of 

^■Jitact during the siuue period. Naverthelesa, it should bo noticed, that 

^"'^•^doidai teeth:— 

^^ngth of arc of approach, e p or g p = 

arc of recess, pf DC ph 
Wthst;- 

Length of Di-c of contact — length oi path o/coutoct. 
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tAa maximum obliguitt/ tfumld never be aUouied to 
In Uinee teeth of which the path of oootact is ■ stisigfal 
th« obliquitj' remains (wiistaiit daring cooUct, and sbonld : 
esceetl ulxitit 15". 

Length of CycloidaJ Teetb for gtves Arcs of Approach 
BeoeSB. — Wlieu the arcs of approach and recess 
pair of whotls, we can then dt-tertuine the lengths to be given W 
the t«uth tin the two wheels rcsitectively. Referring to the liri 
figure, let arcs pe,pf represent the given lengUis of the arcs of 
approach and recem respectivelr. On the given generating circles, 
Gj, Oj, cut off the arcs p a,, p 6j, eqnal in length res]>ectively to 
p e, py. Through the ]>oiiits o,, 6, draw the circles Ad Cb, -Ad Ou 
about the centres B and A respectively. These ar« the addenduDi 
circles for the two wheels. After makiiig allowances for bottota 
olaorance, the root circles. R C^, B Cb, can be drawn. From Uu8 
ooDBtniction, the sizes of the teeth on the two wheels can be 
dutnrmiDed. 

Calculation of the Length of Cycloidal Teeth._We shall now 
ahow how the previous problems may be solved by calculation. 

in the accompoDyiiig figure, let wheel A be the driver, B the 
follower, and G,, Gj the generating circles. Theu aph is the 
jmth of contact. 

Let R^ = Radius of pitch 
circle, A. 

„ rj = Biidiusaf circle, Gp 
used in describing 
faceeoi teeth on A. 

„ 8, ^ Addendum of teeth 
ou A. 

„ S, ip = Uaximnm obliqui- 
ties of action dar- 
ing approach and 
recesa respec- 

a, S = Lengths of arcs of 
appi'ouch Htid !«- 
ce.is respectively. 




Join A 6, aib,Ob, und pb. Dn 
juuilucod. Then oleavly, ,t^p A H = 



= Arc of appronch 



■ A H perpendicular to bp 
.^pCb = .^bp'S " ip. 
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Since 5 A H is a right angled triangle, we get : — 

But, A 6 = R^ + a^ 

A H = Rj cos 9. 
And, H 6 = Mp + j9 6 = Rj sin ^ + 2 r^ sin p. 

(Rj + di)2 = R»cos2 9 + (Ri + 2 ri)2sin2 f. 
/. B; + 2 R^ a^ + a; = Rf (cos*^ + sin* (p) + 4(Ri + r^)r^ sin« ^. 

2Riai + a; = 4(Ri + ri)riSin29 (I) 

Also, Arc pb = r^ x 2 f . 

i.e., /8 = 2 Ti 9. 



= 2ri^ 1^ 
" 27; j 



Or, ^^- ^ r (11) 

Similarly, if Rg, rg, a^ apply to the follower, B. 

Then, 2R2a2 + ai = 4(R2 + r2)r2sin2d .... (!«) 

And, a = 2 r« ^ ) 

»'. . -^, I <"•' 

From these equations the addenda of the teeth on the two wheels 
<»nbe calculated, if we know the sizes of the generating circles and 
toe arcs of approach and recess. 

^en the wheels are large we may neglect d^ in equations (I) 
*^^ (la), since this quantity will be small compared with R, and 
"^6 get the approximate formulae : — 

ai = 2(l + ^)r^^^9 

And, a2 = 2fl + ^y^Bia^& J 

Again, the sizes of the generating circles are generally stated in 
terms of the size of the pitch circles inside which they roll. 

Hence, let: — r^ = m^ Rg, r^ = m^ Rp 

Where m^ and w© are fractions seldom greater than one-half. 
Then, equations (I) and (III) become : — 

2'R^8^ + a? = 4/W2(Ri + m^B.^)B^^in^<p\ /jyv 
2R2a2 + ai = 4mi(R2 + /WiRi)RiSin2n '^ ' 

Or, approximately, a^ = 2 /Wg (l + ^^^) R2 81^2 (p 

a3 = 2/Wi(l + '-^)RiSin2tf 



Then, 
And* 



LECTTBE XIT. 

) - -Htck of teeth on wlieeh. 

= Number of teeth oa ttaptetiY^ whe^ 



R, = 



3v' 



K = 



"iP 



e get ihe fiJIowtng final eqoaiioiis : — 
T «[ /> 3, + c= ^ = jWj (b, + 171; H;) 11; /)- sin' ? 1 
■^n^pifi- ^ ^ = IB, <Bi + njj /ii) n, /j' an^ * J 
Or, aj^iroximstely, 

Tffi a, = »ij{nt + mjfljlBjpan-p ) 

i-BjOj = jn,(/i. T BIjBjBipsill*^ / 

And, 



t3 = m,n.p ? J 



. . ■ { 

We wuuld r«(x>mDienil th« student to use eqaauoas (I) aa 
in working out problems, inetead of attempting to remem) 
the above particular forms which they assume. 

Example I. — The flanks of the teeth of a pair of whee 
TBdiat. The number of teeth on the wheels are 21 and 120. 
addendum to each wheel is ^'jj pitch. Find the lengths of th 
of approach and rece^, supposiog the small wheel to be the t 



AjfBWER.— Here n^ 


= 21; M. = 120; 


h'h- 


'' 1( 


>^ 




R, 


2fl- 


-^ 




1 


And, 


Ej 


-"— - 


1^ 




1 


Since the Hanks are 


radial r, 


^£ = 


130;) 




1 


And, 


r.. 


4«.^ 


^^ 




1 


From eqnation (I), 


we gel:- 










2K, 


i, + a; . 


4{E, + 


ri) rj sin^ 


P- 




■■ ■* 2V "To 


+ V;. 

100 


H^" 


^^■) 


- 


I20p, 
4^ 


. 2x21x3xor 9 


X 2^ 
lOo 


162 X 60 Bin= p. 






10 "^ 






.in p. 


■OG52. 








Or, 


P = 


3|-, ne. 


rly = -005 


radian. 
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Hence, Arc of recess = /3 = 2 r^ 9 

„ = 2 X —^ X -065 = l-25p, nearly. 

Next, to find the arc of approach. 
From equation (!» ), we get : — 

2 Eg ^2 + ^3 = ^ (^2 + ^2)^2^1^^ ^' 

2 IT 10 100 \2^ 4«'/ 4cr 

A2xl2x3x2ff+ ^ 1^0"^ = 261x21 sm2 ^. 

sin d = -2885. 

^ = 16f' nearly = -292 radian. 

Hence, Arc of approach = a = 2 r^ ^ 

21 o 
„ = 2 X ^7^ X -292 = -976/}, nearly. 

Had we neglected ^ in the above solution, and taken the ap- 
proximate formulae (III), we would have got : — 

sin <p = -0638, instead of -0652. 

Now the difference in those two angles is only about 5 minutes, 
toe first sine corresponding to an angle of 3° 39', the second corre- 
sponding to an angle of 3** 44'. 

Again, the exact value of ^ is 16° 46', while the approximate 
value (neglecting d^) would be 16° 42'. 

Had we, therefore, assumed the approximate formulae the results 
^ould practically not have been different from what we have just 
obtained. 

Example II. — In Example I., find the addenda, when the arcs 
of approach and recess are each equal to half the pitch. 



-Answer.— -Here, a = ^ = ^p, 
■^m equation (11^ ), we get ; — 


T 


2., ^^21;, 


21 
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^ -r 180 



= 8*' 34'. 



sin ^ = -149. 



IL^ 



oftlie 

pner 
€1 



And from II, 



9 = 7 



1 

2P 



2r. 



2 X 



120 ;> 

4cr 



l20' 



P = 120 ^ ^ = ^ ^^• 
sin <p = -0262. 



Or, 

Hence, taking the approximate formula (III), we get :— 

i2 



Wits. 

iora 

y 

d 
ft 



Similarly, 



^1 = 2 ( 1 + v^ j rj sin* p 



1 + ^) rgsin^ ^. 



" = 2 ^ ^)t7 '^ •l*^* = ^»P' 



In this example we might have further simplified our calcula- 
tions by writing sin ^ = ^ and sin <p — <p, since these angles are 
very small. Doing this and combining equations (I) and (II), we 
get the following aj)proximate formulse : — 



(IX) 



Substituting for a, /3, R^, Rg, r^ rg, we get : — 

which are exactly the same results as before. 

Diameter of Generating Circle. — We have already had instances 
of the effects produced on the form of cyloidal teeth, by the size 
of the generating circle employed. We have seen that if the size 



I»IAMETER OF GEXERATING CIRCLE f6R '(fxtdotD. 







*«-»-a.tively weak at the 
!^*>"ts. The accompanying 
?^S^» 'M illnatratea the in- 
^Meuce of the aize of the 

K«iXi emting circle on the 
*^»-tti of the teeth. T!ie 
^a--nts of the teeth. A, B, 

l***d C, are descrihed by 

^^^■fterating circles, having 
*''i8peotively diameters leaa 
'"'•Wn, equal to, and greater 
^lan the radius of the 
flitch circle. From these 
Cgurea it is evident that 
"the generating circle em- 
Jiloyed in describing the 
fianka of the teeth on a 
wheel bhould never have 
a diameter greater than 
half that of the pitch circle 
of the wheel. 

If a Bet of wheels, such as the change wheels for a sorew- 
cutting lathe, have to g«^ar together in different arrangements, it is 
dear that the same generating circle must be used for describing 
both faces and flanks of the teeth of every wheel in the set This 
being the case, it follows from what has been said above that the 
diameter of the generating circle employed in describing the faces 
and fianks of the teeth of a set of wheels must not be greater 
than half that of the pitch circle of the smallest wheel in the set, 
otherwise the flanks of the teeth on the smallest wheel would be 
undercut and weak at the roots,* Since it is desirable to have as 
large a generating circle as possible, it is uaual to constmct the 
teeth on the smallest wheel with radial flanks. The size of the 
generatinff circle must then Iiave a diameter equal to Hie radius of 
the amalleat wJieel in the set. 

Least Number of Cycloidal Teeth to be placed upon a Wheel. — 
It has been pointed out, that with any pair of wheels gearing 
together, there eAcnUd never be fewer tlian t-wo pairs of cortaecmliva 

* Cases are not wanting where tbc £anks have been described by b. 
geaerating circle larger thB,ii the railins of the pitch oircle; bat in such 
cases lilleta are made at the rooU in order to streagthen the teeth. 
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teellt in action at any lime, 

obliquity of reaction ghonld 

cycloidal teeth. These conditiona being pi-emised, it ia easy t» 

determine the least mjmlier of teeth which muat be placed opoa 

the smalleat wheel of a set. 

Let A bo the centre of the pitch circle of the smallest wheel in 
the set ; G the generating circle, the diatnetoi- of which ia half tiut 
of pitch circle, A. 

Let contact between a pair of teeth begin at a, then j^apS 
= 30°, When one pair of teeth are in contact at a, the preceding ' 
consecutive pair will be in contact at the piteb jjoint, p. Hake 
arc ;i e = arc /I a. Then in this case, p e is the arc of appniach, 
and is equal to the pitch of the teeth. Join A e. This line wiU 




Lbast Npmbzb of CrcLoiDai. Tebth o 



y to see that^pi-' 



pafe through the point a ; hence, it i 
= -tfiapN = 30". Wo then get :— 

Arc p e - arc of 30° on pitch circle A , 

„ = jV of circuraferenoe of pitch circle A 
But arc pe = pitch of teeth, 
,', Pitch of teeth = ^'5 of circumference of pitch circle A, 

i.e, the Iea,st number of teeth on the smallest wheel of a set lan.^ 
be 12. 

In a similar way, it can be shown that the IsEist number of piD* 
to be placed upon a pin or lantern wheel is 6. 

Cycloidal Teeth for Wheels with Internal Contact. — Let A b® 
the centre of an internal toothed wheel ; E the centre of a pinio'* 
gearing with wheel A. The faces of the teeth on A and the flank^ 
of the teeth on B are described by the same generating circle, Gj» 
while the flanks of the teeth on A and the faces of the teeth on P" 
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described by the- generating circle Gg. Since the fa/^es of the 
iJi on an internal toothed wheel lie inside the pitch surface, 
[ the fianks outside the pitch surface, it is clear that the curves 
the former are arcs of hypocycloids obtained by rolling Gj inside 

pitch circle A, while the cur/es for the flanks are epicycloids 
dned by rolling Gg outside the pitch circle A. Hence, the 
ires for the faces of the teeth on A and the flanks of the teeth 
B are hypocycloids, while the curves for the flanks of the teeth 
k. and the faces of the teeth on B are epicycloids. The size of 




Ctcloidal Teeth for Wheels with Internal Contact. 

crating circle, G^, must not exceed half that of pitch circle of 
pinion, B, otherwise the roots of the teeth on the pinion 
1 be undercut and weak. The size of generating circle, Gg, 
y be anything we like, since the curves described by it on both 
ch circles are epicycloids. 

Path of Contact with Internal Gearing. — Let PC, AdC, and 
0, with the suffixes A and B, denote the pitch, addendum, 
d root circles of wheels A and B respectively. Let the pinion 
the driver. Contact between a pair of teeth begins at a, the 
int of intersection of circles G^ and Ad C^, and terminates at 6, 
e point of intersection of circles Gg and Ad Cg ; aphis, there- 
re, the path of contact. If the annular wheel were the driver, 
en the curve, a^ p 6j, would represent the path of contact, 
e direction of motion being the same as before. The student 
ould experience little difficulty in applying all the preceding 
inciples to internal toothed gearing if he has followed intelli- 
ntly what has already been said regarding wheels with external 
ntact. 

Formnlffi for Length of Teeth of Internal Gearing. — The student 
ould now prove the following formulae for internal gearing, the 
ethod of arriving at the results being similar to that previously 
i^en. 
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(I) When ihs Pituon i* thi Driver. 
For Pinion:— 2E,*, + »; = 4 (B, + Tj) ri mn^ p 

And, 3 /■, j: - A 

Tor Annular Wheel, 2 R, 3, - oj = 4 (Kj - r^ r, an- * 
And, 2rJ = a.. 

(2) When the Pinion i* iA« Follower. 
ForKnion;— 2'&,i.^ + ^j = 4 (R^ + Tg) r^ sin' * 

And, 2 Tn ^ = «. 

For Ananlar Wheel, 2 E, 3( - ^ = 4 (Ri - r,) r^ Bin* ^ 
AuJ, 2/-, a = A 

The various symbols h&ve the same meanings as before. 




Anbolae Whkbl akd Pinios with Ctcloidal Tbeth. 
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Lecturk XIV.— Questions, 

1. Distinguish between the terms arc of approach or recess and path of 
yproach or recess. Given the pitch circles of a pair of wheels, sizes of 
merating circles, and arcs of approach and recess, show by a construction 
ow to set out the path of contact. 

2. Upon what principle are teeth of wheels of the epicycloidal and hypo- 
ycloidal form constructed ? Show under what conditions they will work 
roperly. What is to be done in order that any wheels of a set may work 
<icurately together? (S. and A. Hons. Exam., 1893.) 

3. In the consideration of the form suitable for the teeth of spur wheels, 
tate:— (a) What geometrical condition should be satisfied as to the position 
>f the common normal at the point of contact of two teeth, and explain 
^by that condition should be satisfied ; (6) within what limits it is desirable 
lO keep the obliquity of the line of action of the pressure between two teeth, 
md why within those limits ; (c) the least number of pairs of teeth which 
[t is desirable should be engaged at the same time. Explain also {d) why 
It is undesirable that the action between two teeth should extend far from 
fche pitch point. By a graphical construction, determine the arc of action, 
and the greatest obliquity of the line of action of a pair of cycloidal teeth, 
according to the following data, and state how many pairs of teeth will be 
^ action at the same time: — Pitch of teeth = 2 inches ; number of teeth in 
wheels = ,30 and 50 ; diameter of rolling or describing circles = 8J inches ; 
addenda of teeth = | inch. (S. and A. Mach. Const. Hons. Exam., 1892.) 
^n«. 4 inches; 13 S"; 3. 

4. Show by construction how you would determine the correct form for 
the teeth of a spur wheel 4 feet in diameter. The diameter of the smallest 
Jjheel in the train being 8 inches, what sized rolling circle would you use ? 
(C. and G. Mech. Eng. Ord. Exam., 1892.) Ans. 4 inches. 

5. A pair of wheels have 25 and 130 cycloidal teeth respectively. Find 
^e addendum of each wheel, that the arcs of approach and recess may each 
oe equal to the pitch, the flanks being radial. Ans. 'Up; '2Sp. 

6. The diameter of the pitch circle of an annular wheel by means of 
d^hich a water-wheel communicates motion to a mill is to differ as little as 
wssible from 24 feet. The pitch of the teeth is to be 4 inches. Find actual 
[iameter and number of teeth. If the velocity of the periphery be 5^ feet 
er second, and the pinion in gear with the wheel is required to make 30 
3 volutions per minute, find the necessary diameter of the pinion and the 
amber of teeth. Again, if both faces and flanks of all the teeth be de- 
!ribed by a constant generating circle 12 inches in diameter, find the arcs 

approach and recess, the addendum of both wheels being 1^ inches. 
ns. 23-98 ft.; 226 teeth; 3 5 ft.; 33 teeth; a = 3*42 ins.; ^ = 3*96 ins. 
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LECTUEE XT. 

OoimNTs.— InTolatfi Teeth— 8ize of Base Circle to be employed— len^l 
of Involote Teeth fbr given Area of Approach and Recess— CaknbMll 
at the Length of Involnte Teeth— Least Namberoflnrolnte Teeth tdba I 
placed apDu a Wheel— Rack and Pinion with Livolute Teeth— Wlitelt I 
with InTolnte Teeth and Internal Contact— Colculationi for Involutt I 
Teeth irilh Internal Contact— Eiam (lies I. and II.— Bevel Wheeli- 
Teeth of Bevel Wheels— Mortice Wheels— Gear Cutting MacliiM- 
Qneations. 

Involate Teeth. — Id a previous Lecture we have ahown tbit 
an involute curve is a particular case of an epieycloid, andwilh. 
those ]iarticulBr cooditious we have had inataucea of teeth willt 
involtite faces. But no case has yet been considered wherein bothl 
faces and fiaiika are involute in form. Involute teeth — i.e., tlnwj 
forms of teeth whose faces and flanks are described by involutes otj 
circles— possess certain jjeculiar properties, and on that aoctraiW 
may be studied as a class independent of all other forms. 1 

In this Lecture, we shall first show that the iarolute form (^ 
tooth satisfies all the primary conditions for correct working, hdI] 
we ehall thereafter explain its unique pi'opertiea, * 

In order to properly understand what follows, we shall finil 
explain how an involute curve can be drawn. 

Iiet C represent the centre of a thin pulley with a fine striiig| 



wound round its cii'cuni fere nee. 




in the following 



lud C ft« an axis. Take hold of th. 
it along the straight line, BP. By this t 



a sheet of drawing paper iW 
one of the laces of tW 
pulley, and tie a pencil, FJ 
to the free end (rfr^ 
string. By kefl 
string tatit and j| 
ing it from 

pencil at P 

the drawing fiaper tlw 
volute, A P. 

For our jiresent purpO* 
it is raucli better to K* 
ceive the curve desoriW 



Let the pulley and its attached paper be capable of tunUB 
" ■" and pal 



> the pulley 



2 
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psper will be made to rotate about C, while the pencil will ti'ace 
out the involute, A P, on the moving paper just aa before. 
Similarly, if the string be wound on to the pulley, by rotating the 
pulley and the paper, the pencil will retrace the curve P A, if P 
be made to move in the direction, PB. 

The circle of which the curve is the involute is called the bau 
arik. 

_ In tlie next figure, let the dotted circles represent the pitch 
fliiiles of a jiair of wheels in gear. 

With A and B as centres, 
describe the circles C o E, 
DiF, of such sizes that 

AO:BD = Ap : By. 
These are the base circles 
fcrthe pair of wlieels. 

Sow imagine these base 
•irdes to represent pulleys 
o«r which a crossed string, 
CDFE, is stretched. Then, 
•kariy, the motion trans- 
mitted by means of these 
polleTs and the crossed 
■tring will be identically 
(he same as that obtained 
V 'he rolling of the pitch 
areW 

Snppose a sheet of paper 
to be fixed to pulley. A, 
nd capable of rotating 
*ia it. Then a pencil, P, 
uijwhere on the string, 
CD, will, during rotation in the direction shown, describe the 
JBTOlnte, a P, on the rotating paper. The curve, a P, is an 
iundnte to the base circle, C a E. Similarly, by supposing a 
)W of paper to have been fixed to pulley, B, the pencil 
voald have, simultaneously described the involute, 6 F, to the base 
Qtde, DbF. 

The two involutes, a P, hF, being simultaneously described 
■7 the tracing point, P, will always be in contact at that pointy 
ttd have a common normal, C D. The locus of P is D, and 
thoefore the common normal always passes through the pitch 
Innt, p. Hence the principal condition for the curves of all 
|npetly.conBtr noted teeth is satisfied by involutes traced in the 







\>4 


-<^y 


^'„y^ 




^r- 




\ \ 

\ V 


/ / 



^^^^* ify fi-xiiig n [leiicil io the string, E F, aad proceeding as befortp 
P the carve* for the opiwaite working soriaces of the ' '' "'" 

L To complete the curves representing the working surfaces of lie 

^^^H teeth, it is onlj necessaty to deecribe the addendum anil nM 
^^^^b circles ; the parts of the involutes intercepted between thesccirtlti 
^^^H will represent the acting surfaces of the complete teeth. 
^^^^B The following properties of iuvolate teeth should be noted \— 
^^^B (1) Both /ac« and ^nko/ an imwiuteloolJi form one eontiiam 
^^^H euree. 

^^^^V Uq this account it will be much easier to eet out the cutrmiiX 
^^^^V involute teeth than for cjcloidal teeth, since, in the ktter, titt 
^^^^1 curves for fkce and Sank Are altfays uf opposite convexity. 
^^H (2) With involuU teeth tlte centra of the wheels can be pM 
^^^^M fiirfhei- apart or brought closer loge^ier imlkout a_ffeeting thU' 
^^^^M veloeity-ratio or emootfinesg of action. 

^^^^B This is H moat valuable and uni(]ue property of suck Iwtli- 
^^^H The reasons for this propeitj will l>e apparent from an inspectioo ; 
^^^V of the previous figure. Pushing the wheels further apart, or i 
^^" bringing them closer together, alters the sizes of the pitch cireks 
without altering their latio, but does not alter the aiM n 
the base circles, and, therefore, does not afiTect the curvittnre of 
the involutes. It does, however, affect the direction of the nonMl 
thrust between the teeth. The direction of this thrust is alwtJT 
along the common tangent to the base circles. More will be aoi 
about this immediately. 

(3) A U wheels witJi involute teetJi of e^ual pitch UTtd obliquity of 
^ action work aeeurateh/ imt/i each other. 

The reasons for this will also be apparent from what lias jus^ 
been said. 

From the above properties it will be seen, that involute t**ln 
are singularly well suited for most purposes, and in our opiDion '^ 
would be well if engineers would universally adopt this form, Mil 
thus save endless expense and trouble in patterns, &c. As msttii^ 
now stand, each maker of toothed wheels has his own nietbw 
of constructing the teeth ; the result being, that the wheela ^ 
one maker will not work correctly, nor approximately corwA 
with those of equal pitch by other makers. The same slate » 
afiiura with regard to screw threads existed prior to the esW*" 
lishmeut of a standard thread by the late Sir Joseph WhitwortB- 
At that time, if the nut of a bolt were lost, it was ten chaD^ 
to one if another could be found to fit it, with the result tJii*, 
many good bolts had to be thrown into the scraj) heap for want <■> 
auts. The nuts, too, were of all sizes, even for the same ^ 
of bolt, and as a consequence every litter had to be suppU*" 
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•with a multitude of spanners whenever he had a series of bolts ta 
deal with. 

One objection which has been urged by some engineers against 
invokite teeth is the normal thrust between the teeth, which is 
always constant in direction, and, being oblique to the common, 
tangent at the pitch point, 
tends to push the wheels 
ont of gear. We are of 
opinion, however, that too 
much importance has been 
attached to this; for, if 
the obliquity of reaction 
be kept less than 15°, no 
very serious results will 
follow. With cycloidal 
teeth, the obliquity of re- 
action varies from zero, 
▼hen the pair of teeth are 
in contact at the pitch 
point, to a maximum, when 
the teeth are just begin- 
ning or just ending con- 
tact. 

Size of Base Circle to 
be employed. — We have 
shown that the line of 
^on of a pair of involute 
teeth in contact is always 

along a common tangent gizE of Base Circle for Involute 
^ the base circles. The Teeth. 

direction of the mutual 
thrust, or, in other words, the obliquity of reaction, is constant. 




Let 



11 



»> 



)j 



R = Thrust between a pair of teeth in contact. 
d = Obliquity of reaction = .^:i'Dp'N. 
Rj Rg = Radii of pitch circles, A and B. 



^l»*2 = 



99 



base 



99 



99 



Then, 



Component of R along M N = R cos 6. 
Component of R idong A B = R sin ^. 



The former of these represents the effective pressure causing^ 
Motion, while the latter tends to throw the wheels out of gear, and 
has, therefore, to be resisted by the bearings at A and B. To 
deduce this separating force to a minimum, d must be made aa 
Binall as possible. In practice, d never exceeds 14^° or 15°. 
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Taking 6 at 15°, wo can easily calculate the size of base circle , 
for auy given size of pitch circle. 

Referring to the above ligure, we aee tliat ; — 
.^p AC = -^pBD = fl. 



fl = C09 15" = -900 or ";:, nearly. 
, = -966 R, = El R, 



Or, Diameter of base circle = -=- (diameter of pitch drcle). 

Length of iBVolute Teeth far given Arcs of Approach u^ 
RecaSB.— With involute teeth the path of contjict is a stmigW 
line, which is a tangent to the bane circles. In tiie BccompaDTinS 
figure (which ia much exaggerated for the sake of clearness) thiw 
pairs of teeth are shown in contact. One pair ia beginning 



P 




at 0, a second pair is in contact at the pitcii point, p, while t -^ 
third pair is termitiating contact at D. Contact caunot commen ^ 
before 0, nor be carried beyond D. If, therefore, the masimH ' 
length of coutact be utilised, then the addendum circles for A ai»' 
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B must he drawn tlirough the points J) and C respectively. After 
allowing for bottom clearance, the root circles, E C^, B C^, can 

^he figure it will be seen, tLat the root circles fall inside 
circles and are concentric with them. Now the curves 
forming the working surfaces of the teeth, being involutes of 
the base circles, do not jiasa beyond those base circles, and. oon- 
seqiiently those parts of the roots of the teeth lying between the 
base and root circles must be formed by some line straight or 
curved. Biuce, however, those pavts are not portions of the 
working surfaces they are usually made straight and radial. 

If arc ep = arc gp = arc of approach, and arc pf= arc p A 
= arc of recess, then, inanil'estly, e, f, g, and A are points of inter 
section of the curves of Ch? teeth with the pitch circles. 

We are now able to find 
the addenda of the teeth B 

for given arcs of approach 
and recess ; or conversely, 
to find the arcs of approach 
and recess when the ad- 
of the teeth are 

Draw the pitch rircJea 

r the two wheels. 
Through p draw the line 
of mutual pressure, C D, 
mating an angle, S, with 
jH N. As already ex- 
plained, i should not ex- 
ceed 15°. With A and 
B as centres draw tlie base 
circles taugential to C D. 
Along pitch circle A set 
off arc p e equal to given 
arc of approach, and on 
pitch circle B set off arc^ A 
equal to given arc of re- 
cess. JoinAe, £A. These 
radii cut the base circles 

at c and d respectively. Then arc am is the arc turned tl 
by base circle. A, during approach, while arc nd'm the arc 
through by base circle, B, during recess. 

Along C D set off p a =-- arc c m, and p 6 = arc (i n. Tl 
Btraigbt line a})b'vi the path of contact. 

Through 6 and a draw the addendum circles as shown, 
allowing for cleamnce the root circles can bei dxoi'na.m. 
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Tbe solution of the coarerse proposition slionlil not jiicsent muoli 
difficulty to tlie student. 

CalciJation ol the Length of Involute Teeth.— Suppose wlieel A 
to be tLe driver. 

Let Rj, K. = Hadii of pitch cireles of wlieel A and B, 
„ «[, J!j = Number of teefcli on .. „ 

„ p = Pitch of teetb. 

>' ^i> ^ = Addondn of teeth on A and B. 
„ «, |3 = Area of approach and recess respectively. 
„ i = Obliquity of mutual pressure. 



Referring to tbe previous figure, join A to b* then, A 6 
right-angled triangle. 


ia» 




A 6« = A C^ + C 6*. 




1 Bnt, 


AC = K,cosO, 




And, 


Cb = Cp + pb ^B^siaS -hpb. 




Not, 


pb = path of recess 
„ = arc nt? of base circle B. 




But, 


Arc n d Radius of base circle B 




ArepA Radius of pitch circle B °°^ 


i. 




Arc n d = (3 COS J. 






C 6 = Rj Bin S + ^ cos a. 






(Rj + 3j)= = HJ coa^ d + {Rj aiu ^ + fl cos ») 






2R, a^ + af = 2RiflsiDlJco3iJ + ySScoa^d 






= Ri ,3 siu 2 a + ,3« cos- d. 




, Or, 


2 R, a^ + o| = (E, sin 2 S + ^ coa^ 6) ^ 1 


iif) 


1 Similarly, 


2 R^ a^ + ^ = (R, sin 2 d + a coa^ J) « j ' 




r Geuerally & is small compared with R, therefore we may i 
i\ and wo get the approximate fovunilai :— 


egleCS* 




2 Ri 3i = (B, Bin 2 D + fl gob^ i)^ \ 
2 Rj a,, = (Ra sin 2 i) + a cos2 d) « J 


(iir; 
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Aeain, since K, = -J—, Ho = -^f^, and usually ^= 15\ 



sin 2 ^ = sin 30° = ^ 



And, 



cos2 ^ _ cos^ 15° = 



_ 2 + V3 



Making these substitutions in (III), we get : — 

3-732 X 3-1416\ 



+ /3 X 



Similarly, 



„ = (^ + 2-931 ^) /3. 



Least Number of In- 
volute Teeth to be placed 
upon a Wheel. — Let A and 
B be the centres of a pair 
of wheels in gear. Set out 
the obliquity line, D, 
making an angle, d, with 
the common tangent, M N, 
to the pitch circles. Draw 
the base circles tangential 
to C D. Then C D is the 
maximum length of path 
of contact. 

Let B be the smaller 
wheel, then jp D is less than 
pC. 

Now, in order that there 
may not be less than two 
pairs of teeth in contact 
at any instant, it is clear 
that if one pair of teeth 
be just ending contact at D, 
another pair must be just 



■)' 



(IV) 




To Find the Least Number op 
Involute Teeth for a Wheel. 



2tB4 



LEOTDBX XT- 
Be point near C 



beginning contact at aome point near C, wliile nn )iiteriiiei)i*^ 
pair is in contact at p. 

Let r = Radias of base circle of Bmaller wheel B. 
„ n = Least nnmber of teetb on ,, „ 

Then the raioininm number of teeth on B will occur wheu ^ 
whole path p D ia utilised and when 6 has its maximiim valae- 
Hence, n a ]>'D = Circumference of base circle B = 2 * 
But, ji D = B D t«D ^ = r tan A 



tan S ' 
Since 6 must not exceed 15°, w 



, The least number of involute teeth to be placed u 



.^^4Stl 



Hack and Pinion with Livolute Teeth. — ^Wlien a pinion v*^ *- 
involute teeth has to gear with a rack, then the teeth of the Is.'^^^^^ 




must also be involute. Now, the pitch circle of the rack ia infinite* 
in size, hence its base circle is also infinite in size, and, therefore,i 
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the involute correspondiDg to ifc will be a straight line. Hence, 
the face and flank of a tooth on the rack will be a straight 
line. 

Since the working surface of the teeth during contact must be 
I>ei-j>endicular to the line of obliquity ; and, since this line makes 
an angle of about 15' with the common tangent to the pitch 
circles, it follows that the working surfaces of the teeth on the 
raclc (being straight) make constant angles of 75' with this 
common tangent. And clearly, in the case of a rack and pinion, 
tlie common tangent coincides with the pitch line of the rack. 

The previous figure represents a rack and pinion with in- 
volvite teeth. 

^ 'Wheels with Involute Teeth and Internal Contact. — Draw the 
pitioh circles of the annular wheel, A, and its pinion, B. Let M N" 
t>e the common tangent to 
tlie pitch circles at the pitch 
point, p. Through p draw 
the obliquity line, CpE, 
malsinor an angle, L with 

IProm A and B draw the 
perpendiculars AC, BD 
"iipon C E. These are radii 
ot "tlie base circles for wheels 
-^ and B respectively. 

^Next draw in the ad- 
dendum circles for the two 
^Heels as indicated. Let 
tnese circles intersect the 
obliquity Ijne in the points 
^ and 6 respectively. Then, 
v^ ^'he direction of motion 
?*^o wn in the figure, a h will 

« the path of contact, a p the path of approach, and p h the path 
^^ recess. 

The preceding principles for wheels with external contact apply 
^SlUally to the case of wheels with internal contact, so that the 
^}*deiit should not experience much difficulty in applying them, 
■■^e should, however, note that the base circle for the annular 
^heel must be less than its addendum circle, which, in this case, 
^8 inside the pitch circle. 

Calculations for Involute Teeth with Internal Contact.— The 
^^dent should now prove the following formulae for internal 
gearing, the method of arriving at the results being similar tc 
wiat previously given. 




Wheels with Involute Teeth 
AND Internal Contact. 



'^'^ 1" . . . (V) 
Iver. 



-S6 LECTURE XV. 

Lk the STrnVols with the suffixes 1 and 2 refer to the driver 
and £)llover ivs|^ctively. Then : — 

^1) W\fm (^ Pimon is tAe Driver, 

2R.CJ * ^ = vRiffln2rf + /8C08«d)/8 
2R.^tt; - flj = (B^sm2^ - acos^ 

(2) ITA^N d^ Annular Wheel is the Driver. 

211,01 - ^ = V^sm2() - /8co82^)/s 

^^K ^ dj = (R^8in2^ + acoss 
The appiv^ximate formula corresponding to these are : — 

,1 a'fM (VI) 

The student sihould also notice that the formulae for internal 
gearing are at onco lieduood fmm those for external gearing by 
(xnisiiloriug the n\dius of tlie annular wheel as negative. 

ExAMi»LK I. — A imir of wheels with involute teeth have 30 and 
1*20 tooth resptKJtivoly. The addendum to each wheel is ^^ pitch. 
Find tho longths of the arcs of approach and recess, supposing the 
obliquity to be 15", and the small wheel the driver. 

Answer.— Here Wj = 30; w.^ = 120; ^^ = ^g = y»^p. 

From equation (IV), we get : — 

/I 3 a \ 



= ( - - — ) 

3 _ /I _3a_\ 
10^ ~ U "^ 120^/ 
a2 + 10;? a - 12^02 = Q. 



-10± Vl0* + 4x 12 , ^« * 

i.e.y Arc of approach = l-OS x pitch. 

* The positive sign for the radical must be taken, since neither a nor jS 
can be negative. 



BEVEL WHEELS. 

11), 



3 _ n Sfl\ 

16^ ~ U "^ 30;-^ 



2/9* + 5yi8 - 6p2 = 



- 5 ± V5= + 4 >: 



it. Arc of Recess ^ -885 x pitch. 

EzAUPLB II. — With the same sizes of wheels as in laat example, 
find the addenda of the wheels, the arcs of approach and recess 
being each | of the pitch. 

AnswER.^Here a = & = ^p. 

From equation (lY), we get : — 



_n 3j^l^\ 

'-U^ 30p J' 



SOp 
/I , 3 X lp \ 

Bevel Wheels. — The teeth 
J'Poii precisely the same priDcipL 



Again 



Ip = -295 X pitch. 
Ip = -237 X pitch. 



the 



'el wheels are constructed 

those on spur wheels. In 

of bevel wheels, fiowever, the pitch surfaces are conical, 




MmHor OF Sbttinq oct the Pitch Coses for Bevbl Wheels. 
The positive ugn for the radicikl must be taken, since neither a nor 
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and on tliis account it becomes necessary to give a brief de»oription 
of the appticatioa of the preceding principles to such casea. la 
the firat place we shall explain how to set out the pitch cones fin 
a pair of bevel wheels whose angular velocity -ratio is given. 

Two principal cases are shown by the foregoing figni'e— (1) 
when the axee of the shafts intei'sect at right angles, and (3) wben 
they intersect at au acute angle. The letter on the two diagrami 
are so arranged that the following description is applicable to both. 

Let O be the intersection of the axes, A,, O E, of the Bhifts, 
Suppose the angular velocity-ratio to be 2 ; 3 ; i.e., let ; — 
Angular vdoeity of shaft, O A : Angular velocity of ahafl, OB = 2;3. 

When the size of one of the wheels is given, that of the other 
wheel can be found in the usual way when the angular velod^- 
ratio is tnowu. Thus ; — 



Diameter ofwhed on ahaft, A : Diameter ) 
of wheel on sJm/1, OB | 



= 3:3. 



With centre, 0, draw two cii-clea of diameters equal or pmp«> 
tional to those of the wheels. From the lai^er circle draw tlio 
tangents, F D, GO, parallel to the axis, O A ; and from tie 
flmaller cii-cle draw the tangents, H C, K E, parallel to the axis. 
O B. The tangents, G 0, H 0, intersect at C. The line, C, ia j 
then the line of contact of the two pitch cones. By drawing CD | 
and CE perpendicular to the axes, OA, OB, respectively, an'' 
meeting the tangents, F D, K E, in the points, D and E, anJ by 
joining D, O E we get the complete jjitch cones, COD, C E. 
In practice, frusta only of the pitcli cones are used. These ato 
shown by full lines on the figures. 

Another method of setting ont the pitch cones is as follows;-- 
Along the axes, O A, OB, measure off distances, OH, OG, re- 
spectively proportional to the angular velocities of the shafts, OA 
and OB; i.e., in this particular case, let 0H:0G = 2:3. 
Complete the parallelogram, H C G ; then the diagonal, C, i* 
the line of contact of the pitch cones as before. The pitcli 
cones can then be completed by maliing .^AOD = j^AOCi 
and ^,^B0E = .£::B0C. The remainder of the eonBtruotJoO 

Teeth of Bevel Wheels. — We shall now give a brief explanation 
of the usual method adopted in setting out the teeth for a jiair of 
bevel wheels in gear. I^t O A, OB be the axes of the shafU ' 
Having drawn the pitch cones, COD, C E, draw A B throurfi 
C pei'pendicular to the line of contact, DC, and join AD, BE. ■ 
Imagine CAD, CBE to he conical surfaces whose vertices are 
A and B respectively. Now, if we further imagine these conical 
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iitaurfuceB developed^thsLt is, flattened out into circular segments, 
■^AOM, BCN — then these segments would roll, without alipfiing, 
itfkBpon their circulai- edges, CM, ON, during the rotation of the 
■iffwheelii. Hence, we may loot upon ACM, BCN as portions of 
■^j^the pitch circles, with reference to which the ouler ends of the 
aut teeth are described. On these virtual pitch circles the curves for 
■)< the outer ends of the teeth are to be described in the usual way. 
■ifThe teeth may be either cycloidal or involute. From the figures 
' J it will be seen that the teeth taper towards the point, O. 




Mbthod of Setting out Curves fob Teeth on Bevel Wheblb. 



In a similar way to tlie above we could draw the virtual pitch 
circles for the inner ends of the conical frusta, and then construct 
the curves for the inner ends of the teeth. These inner virtual 
pitch circles are usually drawn concentric with the outer ones as 
follows ; — -Let C G be the breadth of the face of the wheels. 
Through G draw H G K perpendicular to O G, and meeting O A 
in H and O E in K. Then, just as before, H G and K G are the 
radii of the virtual pitch circles for the smaller ends of the frusta. 
It is more convenient to draw these circles about A and B as 
centres than about H and S. as centres. Hence project G on to 
A C and B C, by drawing G A, G A parallel to A and O B respec- 
tively. Then, A A = H G, and B i - K. G. With A and B us 
centres, draw the virtual pitch circles hm, kn. The curves for 
the inner ends of the teeth are set out on these virtual pitch 
circles. The dimensions of the teeth on hm, kn are reduced in 
the proportion A A : A 0, or B A : B C. 



LETTCRE XV. 

WfKBem Wfcwto. Whtn afdinuy toothed wheels aie nu 
U^ tftfi tkir — ~*■™^ letMNis beeoiiie retr nwgli aud noiaj, and 
seme Tifaaattoos aiv onallj Kt up. To obtain a smootber and 
more icgnlar aetkn the m^bod is aometimes adopted of plaeiiig 
.««adea teetk on one at t^ch pair of wheels in gear. Theae wooden 
* , or "oaga" aa tbeyare called, are morticed into tbe ino 
of the wheels, aad Iiencc such whetJs are termed mortice 
The aetiaa td inanic« wheels is veiy smooth ud 
Sc«M <tf tha eo^uMHi methods of seeoring the «^ I* 
■R akown hj die aeoompuijiiig figarea. In the npptf 





LJJ-J 



MoBiics Whebls. 



figures the cogs are secured by pegs or pins paasiug through tU 
tenoDs of the cc^ in a dii-ection parallel to their lengtk ^ 
the lower figures they are shown secured by dove-tailed wooden 
keys driven into correspondingly-aliaped grooves at the projecting 
ends of the tenons. Double cogs are sometimes used when di' 
wheels are very broad ; these are shown by the cross sections' 
views on the right-baod side. The cogs are usually made vi* 
aide shoulders, as shown by the longitudinal sections of the rim' 
of tbe wheels, but occasionally there is only oue side shonlder, •• 
shown by the lower left-hand fignre. 

The cogs may be cycloidal or involute, according to the shape w 
the iron teeth in gear with them, and are usually shaped by hsnd. 
To prevent undue wear of the cogs by the iron teeUij it is nffl»>l 
to "pitch" and "trim" the acting surfaces of the latter by cart- 
folly chipping, an<l iifterwards filing, tbeiu to a high degree w 
Hmoothness. With machine-moulded teeth, which are muDh 



Uoother, 



GEAR COrriNG MACHINE. 






291 



I uniform i 

in. the ordinary way, it i 
fthe teelli to HmoothneSH. 

The ooga are made of hard, tough wood, such as oak, beech, 
Riornbeain, holly, or apple tree. Since the materia! of the cogs is 
softer and weaker than that of cast iron, it follows, as a matter of 
economical distribution of material, that the thickTiess ot the cogs 
should be greater than that of the iron teeth. The ibllowing are 
le usual proportions for the teeth of mortice gearing : — 

ThickTiess of wood cogs at pitch cirde = 060 x pitch, 

tj-ora teeth „ = 0-40 

Height of teeth above „ = 035 „ 

Depth „ below „ = 030 „ 

Prom these proportions it will be seen that there is no side 

larance between the teeth wlieii new. 

Bevel wheels can also be fitted with wooden coga, which ai-e 
cured to the rim by methods similar to those for spur wheels. 

Gear Cutting Machine. 
-It is LOW becoming 




t ctU the teeth of wheels 
a plain blank, and 

Dt to eauC them. The 

xvoliite forju of tooth is 
specially snitable for 
bis, as each side of the 
aoib is one continnous 
rve. With machine- 
t teeth there is no side 
learance, and, therefore, 

o back lash. The figure 
hows a machine for cut- 

ng wheel teeth, as made 

f Messrs, John Lang & 

ons of Johnstone (who 

ive kindly supplied the 
llustration). The wheel 
o be cut is placed on i 
die mandril, M, which 
|»rries a worm wheel, 
WW, on its back end. 
This worm wheel is covered by a guai-d, which prevents its teeth 
seen in the figure.) The hearing for the mandril can be 



Gkab Cc 
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moved ap and doirn between tba vertical gnides by a screw and 
hani]-wlie«]. and the height of M is thns adjasted to suit wLedi 
of djffereot diameters. The cutter is grouod to the exact form 
of the spaces between the teeth, and is lixed to a spindle earned 
by the slide, S, aa sbown at C. As the ctitter rotaterit u 
advanced by a screw, ami ctits a space right across the rim of the 
blank, niien it has gone through, the slide shifts a. tappet and 
reverses the motion of the screw. The cotter is then moved bsok 
and is ready to cut another space. The wheel being cut is tnnwi 
through the space of the pitch of its teeth by the worm wheel, 
W W, &nd change wheels, C W. The screw, glaring with tfe 
worm wheel, carries a small friction clutch which is atwaw in 
motion, bnt while the cutter ia in action, the screw is preventd 
from rotating by a hook and cam at the end of the train of oIiiingB 
wheels. Every time the slide nears the end of its back stroke il 
pulls away this hook by the releasing chain, R C, and so raleisM 
the cam. The friction clutch then turns the screw and worn 
wheel until again stopped. As the cam can only make exactly 
one revolution before being again stopped by the book, the angle 
through which the mandril, and wheel being cut, turn, can W 
made anything required by pntting in a suitable train of oioxp 
wheels. The machine is driven by a belt in the osual way 8"^ " 
self-acting. When used for catting bevel wheels the table carrji"!! 
the slide and cutter is inclined by the quadrant, Q, to suit v" 
angle of the face of the wheel. As the teeth of bevel wheels ate 
not of the same size at their inner and outer ends, they cannot i** 
made at one cut, but each side has to be cut separately.* 



" Cutting Bevel Gears ir 
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Lecture XV. — Questions. 

1. -A pair of Tcheels have 25 and 130 involute teeth respectively. The 
Idenda of the teeth in both cases is ^ the pitch. Find the lengths of the 
'08 of approach and recess, assuming the obliquity to be Id*", and the 
»rger wheel the driver. Ans. a = -925 p ; /3 = l*19/>. 

2. Prove the formulae for the addenda of involute teeth in terms of the 
res of approach and recess, &c. Hence show that, if the arcs of approach 
nd recess are each equal to the pitch, the addenda should be calculated 

rom the formula: — Addendum = ( 7 +-- ) x pitch, where n represents the 

lumber of teeth on wheel. 

3. What are bevel wheels? Two axes intersect at an angle of CO**, and 
it is required to ccmnect them by bevel gearing, so that their angular velo- 
cities shall be as 3 : 2. Construct the pitch eones of the bevel wheels. 

4. Under what conditions will two cones roll together ? Motion is to be 
conununicated between two shafts inclined at an angle of 90°, and one is 
to make three rotations while the other makes four. Set out the pitch 
cones in a diagram, marking dimensions. (S. and A. Exam., 1689.) 

5. Two shafts intersecting at right angles are connected by bevel wheels 
with 22 and 44 teeth respectively, of 1 inch pitch. Draw, to a scale of i, 
the pitch surfaces of the wheels, and find the development of the conical 
surfaces on which the shape of the ends of the teeth are set out. Having 
given the shape of the end of a tooth, explain how the shape of the surface 
of the tooth is determined. (S. and A. Mach. Const. Adv. Exam., 1891.) 

6. Draw the pitch cones for two bevel wheels in gear, having 60 and 45 
teeth respectively with 2^ inches pitch, measured at larger end of conical 
frustum, the shafts to make an angle of 60° with each other. Explain fully 
the method adopted by engineers in setting out the teeth for a pair of bevel 
wheels, by applying it to the example given. 

7. Sketch to scale a pair of bevel wheels in gear with each other, the 
gearing ratio to be 3 to 1, the mean pitch to be 1^ inches, and the number 
of teeth in the smaller wheel to be 16. Make sufficient sketches to show 
the construction of the wheels and the shape of the teeth fully. Given the 
shape of the tooth of a rack in a set of interchangeable wheels, show how 
to develop by graphic construction the proper shape of tooth for a wheel 
of any given number of teeth. (C. and G. of L. Mech. Eng. Hons. Exam., 
1884.) 

8. Distinguish between a bevel wheel, a mitre wheel, and a mortice 
wheel. Draw a section of two mitre wheels in gear. Sketch a mortice 
^th for (1) a spur wheel, (2) a bevel wheel, and describe with sketches 
^0 methods of fixing it in position. 

9. Give two views of a tooth of a mortice spur wheel, showing how it is 
fitted into the rim of the wheel and held in position. Under what circum- 
Jances would you use mortice wheels? (S. and A. Mach. Const. Adv. 
Exam., 1888.) 
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LECTURE XVL 

Co!)TBKT8.— rriction of Toothed GearinK— The Priaciplo of Combined Ro» 
tioiu— Eiampte I.— Strength of Wheel Teeth— Case I.— atrenglh nf 
Teeth when Contnot betveen the Vnriooa Pnira of Teeth in Gfar il 
Perfect— Case Il.-Strength of Teeth when Conlnct ia Iniperfect- 
Brendth of Wheel Teeth-Ewitnple 11.— Planaed or Shrouded Tceth- 
Hooke's Stepped Gearing— Helical Gearing- Double Helical Wheels— 
Questiona. 

Friction of Toothed Gearing. — The action between a. pair tt 

teeth in cnntact is jiartly rolliug and partly sliding, hut the frifr 
tiniial resiatiLQce nl' the former ia amall compared with that of the 
hitter, and may, therefore, be conveniently negbtctecl. The sliding 
between a piiir of teeth takes place in a direction peq)endicnlar to 
the common noi-inal at their point of contact, and in. order to find 
i'.i amount wo require to know the relative motion of the teeth in 
tliiH direction. We proceed, in the firat place, to determine tliu 
ri'iativQ motion of tlie teeth, and in doing so uhall make use of: — 
The Principle of Combined Rotations. — Let A. and B be the 
centres of two spur wheels in genr, ;: being the pitch point. 
Let Ri, Rj - Radii of wheels A and B. 
„ <B^, 6ij = Angular velocities of A and B. 
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TKe wheels will rotate in the opposite or in the same direction, 
acemdiDg as the contact is external or internal. It is convenient 
to indicate thia diatiuctiun by the ^igu attached to <u. Thus, ia 
' ' e ease of external contact, let the angular velocitias be + luj and 

u. ; for internal contact, let these qiiantitiea be + Wj and + w ,. 

Tiie relaUve angular velocities of wheels A and B will not be 
altered, if to each we impart an equal angular velocity. Thna, 
Bappose each of the wheels in external contact i-eeeives an angular 
velocity + a.^ about the axis, B. Then the angular velocity of 
B *ill be fti. - Wj = ; i.e., it will be at rest. The wheel A 
will be rotating about B witt angular velocity, lu^, and about its 
own axis with angular velocity, co^. Hence, the resitUani angular 
Telocity of wheel A is {lu^ + m^,) about some axis which we are 
iiboiit to determine. During the rotation of the wheel A about B, 
thttliue on A, which ia, for the instant, in contact with B, is at 
wtL At that instant, the wheel A is rotating about this line as 
Bn iwstantanebua axis. Clearly, this instantaneous axis passes 
through the pitch point, p, and is ])ai-allel to the axis of A or E. 
Hbdcs, at a given instant any point, P, on wheel A is rotating 
slXKit the axis through p, with an angular velocity (aj, -I- a^. 

By similar i-easouing, if each of the wheels in internal contact 
MeivB an angular — w^, then wheel B will be brought to rest, 
Slid any point on wheel A will be rotating about the instantaneous 
«is tlirough p, with an angular velocity (w, - u^). 

If. than, P be a point of contact between a pair of teeth, F ^ is 
ihedjrection of the common normal to the two teeth at that point, 
Mo the velocity of P jierpeudicular to Pp ia the velocity of sliding 
wtiteen the teeth. 

Let V = Velocity of pitch circles. 
„ 11 = Velocity of P perpendicular to Pp. 
„ r = Distance of P from pitch point, p. 
^nen, from what has been demonstrated above, we get : — 
^' V = {u^+ sj.,) r, for externa! gearing, 

,, = (!U[ - tu,)r, „ internal „ 
^1", V = i«j Ri, = «, R^. 

Let arc p P be denoted by x, and suppose the wheels to receive J 
""'11 circular displacement, ilx, as measured along U\« ^vtcJiv I 
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circles. Duviug this dbpli 
tlii-ougli which the teeth slide 



ih; -s,i '"di- 



1 

I 



'ii^ 



p.' 



" - ie;* s,j 

"We may take r as being approximately constant, since, fori 
movement ds, at right angles to p'P, it does not perceptibly 
change. 

LeC P„ = Normal pressure between the teeth. 

„ /i = Coefficient of I'l-ictioB. 

„ a, d = Length of area of approach iintl recess respectivelj. 

Then, Work lost in-, 
friction during V= /iV^ds. 
disj^aceTnmt, dx,} 

-1} 

.■.Total work lost'i 

in friction dur-[_^_ J 1 1 u ;"„ _rf„ . f^p -^,1(1} 
ingwliole arc of " ** -qs" ±R„||j/"'^''-^ + J i-^rflXjw 
contact J ° " 

The law according to which P„ varies ia not definitely knoWi 
being dependent upon the number of teeth in contact, the state « 
the teeth, and other causes. Its magnitude may not vary muoli, 
and probably has a mean value somewhere between ^ P aud Pi 
■where P denotes the driving or tangential force at the pit*^" 
circles of the wheels. 

Taking P^ = | P, which is quite a legitimate assumptiou, ond 
putting chord pP = arc p P, or r ^ x, we get the following 
approximate equations i — 

I*t N„ Nj = Number of teeth on wheels A and B respeotiwly' 
„ p = Pitch of teeth. 

Th... W^i.,p|i-±i-}"^ (H.) 
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If, further, we suppose the arcs of approach and recess each 
equal to the pitch, we get : — 

W = ^./.p{^±^Jp ("*) 

From these equations, we learn that the greater the number of 
teeth (i.e,, the smaller the pitch), and the shorter the arcs of 
approach and recess, the smaller is the loss due to friction. 

The above results are equally true for bevel gearing. 

The loss due to the friction of toothed gearing is usually very 
small, being about 3 per ceht. It has been stated by some 
authorities that the friction during approach is gi-eater than that 
during recess. This explains why, in some kinds of wheel work 
(such as in watches and clocks), the teeth are shaped so that there 
is no arc of approach. 

Example I. — In a pair of spur wheels with external contact, 
the number of teeth on the wheels is 30 and 70 respectively. 
Assuming the arcs of approach and recess each equal to the pitch 
of the teeth, and taking the coefficient of friction at '1, find the 
efficiency of the gearing. 

Answer. — The work lost by friction during the action between 
one pair of teeth is given by equation (II j ), viz. : — 

The total work expended during the same action (arc of 
approach + arc of recess) is : — 

Wt = Pn (arc of approach + arc of recess) 

2 4 

„ = ^ Px 2jp =-gP;?. 

v^ ' — ^^^f^ work done 

IP^ y — 2^otal work expended 



• • 



if 



y> 



if 



_, 22 J^/J^ J,^ 
"■ ^ " 7 ^ 10 I 70 "*■ 30 J ' 



Or, Efficiency = 1 - -015 = -985, or, 98-5 per cent. 

This example serves to show how small is the loss due to the 
friction of the teeth of wheels. 
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LEfTPRB IVL 

> Btreogtli of Wheel Teeth.^The power which can be transniiUed 
bj toothed gearing depends npoa the circomferential speed of ^ 
wheeb and the strength of the teeth. Thua : — 

Let H.F. =^ Korse'power tiansmittod. 
„ P = TangeutittI pressure in lbs. at pitch drcle. 
„ y = Velocity in feet per minute at pitch dlrde. 

■f*"' ^.P.-jI^ (HI) 



We now proceed to determine P in terms of the dimensiona of 
the teeth, kc 

The strength of a. tooth depends apon the manner in which tfae 
pressure on that tooth i.t distributed, and this hitter depends apon 
the accurucj with which the wheels are made and adjnated in 
gear. Two cases occur, according as the contact between a 
pair of teeth is perfect or imperfect. We shall consider these cases 
sejiaratety. 

Case I. — Strei^th of Teeth when Contact between the Tarioni 
Pairs of Teeth in Gear is Perfect. — When the wheels aie accurately 
adjusted in gear, and the teeth well formed, any pair of teeth shouid 
be in contact along a line across the breadth of the teeth. In sQcli 
a case the nmtual pressure between the teeth will probahly be 
uniformly distributed along that line. Let this line be taken at 
the end or jKiint of the tooth which we are about to conaidefi *> 
that the bending moment due to the distributed pressure way he 
a maximum. We may also neglect the curved form of the tootlii 
and assume it to be a rectangular block fixed to the rim ofw" 
wheel. It may then he looked upon aa a short beam fixed at one 
end (the root) and loaded uniformly along a transverse line at *''* 
other oi- free end. 

Let P„ = Total pressure acting on the t«oth. 
,, b,l,i = Breadth, length, and thickness of the tootl'- 
„ / = Safe stress for the material. 

If the material of the tooth be of uniform strength through*^"'? 
Uien the tendency of P„ will be to break the tooth along the «^* 
KFOH. 

'Vlio licnding moment at section E F G H is, B.M. = P„ I. 

'I'hv rouisting moment offei'ed by the material at section E F & " 
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itiide iif Pn is not exactly known ; 1 
fewer than two pairs of teeth in contact at u 




Kr)^ 



imf 



■ ■ ■ (IT) 

'srially the dimensions of a tooth are ttated in tevma of the 
jitch of the teeth, and the ordinaiy profiortions for jiem t«eth were 
stated at the beginning of Lecture XIII. Making an allowance 
for wear, we may take :~ 



1 = 



■7 p for iron teeth. 
■Sp for wooden teeth. 



= ■36 p -ov ivon teeth. 
= -45 p for wooden teeth. 



The breadth, b, varies considerably, the average being, b - 2-5p. 
In the meantime, denote the breadtb by np. Making these sub- 
fitttttions in equation (I^), we get : — 

0-04B3 n p^f, for iron teeth 

n p^f, for wooden CeeCh 





From these equations we see that the driving fort 
On agwora oftlie pitch of the teeth. 



values for P iu equation (III), tl>® 
' e obtained. 
Case II. — Strengtli of Teeth when Contact is Imperfect, 

Wben the wheels are Inidly adjusted in gear, or tlie teeth badl^ 
shaped, contact between the latter will moat likely he ver-y 
iuipei-t'ect. Instead of the teeth bearing along a line, aa in tt»^ ' 
wise just considered, they may bear at a few points, or perhaps o-** ' 
one point only. This state of affairs may be caused by c ~~ 

mure of the following defects :^(I) in spur geaiing, the shafts ma-y 
not be strictly pai-allel ; or, in bevel gearing, the shafts may not b>« 
caplanar— !,«., in the same plane. Although these defects ma.y 
not esist when the gearing is newly erected, the subsequent wea.»^ 
of the shaft bearings may ultimately bring about this state oi 
afiaira. (3) The severe stresses to which the parts of the gearing 
(especially at the shaft supports) are sometimes subjected cans^ 
imperfect contact between the teeth. (3) The teeth may hav«3 
been badly shaped to begin with. With wheels which have beeii . 
moulded from a pattern in the ordinary way, the teeth are slightly I' 
tapered across their breadth, caused by the pattern which is 
purposely made thus to allow its being withdrawn from the mould. 
Heuce, care is needed in the erection of snch wheels, to see tbat 
they are so placed that the thick parts of the teeth on the oae 
come in contact with the thin parts of the teeth on the other. 
Attention to this rule is not always given. This defect does not 
exist with machine- moulded or machine-cut teeth. 

The worst, and most likely, case occurs when the one tootfc 
presses upon a corner of the other. We shall, therefore, oonaiiler 

Let P„ act at the corner A. Then its tendency is to hi'ea'fe 
off a triangular portion, E A K, along a section, E K L H, passiug 
through E H. 

Let S = angle A E E. Draw A M perpendicular to E K. 

Then bending moment about section, E K L H, ia : — 

B.M. = P„ X AM = PnisinA 

leiit of material at section, E K L H, is ; — 

R.M. = ^.EK.(V= \.lmci.^/- 
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This gires the stress in tlie material along the section, EKLH, 
n teima of P„, and will be a maximum when S = 43°, or ain 
J d = 1. Hence, P„tenc3a to Iji-eak off the portion, E AK, alung 
1 plane, EKLH, inclined at an angle of 45° with E A or E F. 



Or, putting Pn = 



-P-j.C/ 



.(VI) 



This equation shows that in this caao P ia indepenclent of the 
breadth and length of the tooth. 

Substituting lor t its value in terms of the ])itch, ^;, we get ; — 

P = O'OeS p^f, for iron teelh I ,^„. 

F = OlQQp^f, „ wooden,, J " " " ^ ' 

Equations (VII} again show that the driving force, P, varies as 
t/ie square of the pitch of the teeth. 

From what has heen said above regarding the unoertainty of 
the distribution of the pressure on the teeth, it will be evidcDt 
that the remilta expressed by equations (VII) should be taken in 
the design of wheel teeth. 

Henpp, combining equations (III) and (VII) we get the follow- 
ing :^WTieQ tha teeth of different wheels are proportioned 
according to the same rules, the power which they are capable 
of transmitting is proportional to the pitch circle velocity and to 
the square of the pitch of the teeth. 



Or, 



H.P. cc V;)2, 



/H.P. 



The value Df_/~in equations (VII) varies according to oircnni- 
stances. In machinery subjected to shocks, vibrations, or sudden 
reversals (as in pumping and rolling-mill gears) a larger factor of 
safety, and, therefore, a smaller value of / must be employed, 
than in those other cases (snch as hand-worked or slow moving 
machinery), which are nob so severely stressed. The following 
average values for _/ are given by Prof. Ilnwin : — 

Iron teeth subjected to little ahock,y = 9,600 lbs. per aq, in. 
„ „ moderate „ /= 0,100 „ , 

/= 4,300 
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For woodeti teetb we may take J'= 2,740 lbs. per square iiidi, 
siiMM) thesa shoHld never be HubjectBd to severe shocks. 

Breadth of Wheel Teeth,— The greater the breadth of tlie teeUi 
the greater is their ilarability. When, however, the teeth »re 
made too broad, there is a diflicuity in tisiug tlie wheels acciinitelj' 
in gear, since the slightest amount out of truth may caime tk 
mutual pressure between the teeth to act over a very limited iu»- 
The breadth varies from 2 ji to ip in ordinary gearing, the aTewgt 
being 3-5 p. 

The above formnlie for the strength of teeth, though deduoal 
for the case of spur wheels, ai« equally true for bevel gearing. In 
the latter case, however, the velocity, V, and the pitch, p, are to 
be measured at a pitch circle half way between the larger ukI 
smaller ends of the conical pitch frustum. 

Example II. — A spur wheel of 3 inches pitch and i incliM 
width of face tranaraits 30 H.P. when its pitch line velocity!* 
10 feet per second. What power could be transmitted by a apur 
wheel of 4 inches pitch and 8 inches width of face with a jiilch 
line velocity of 3 feet per second t (8. and A. JIach. Const. Htm*. 
Exam., 1S81.) 

Answer,— Let the various quantities in the two oases be 4»- 
tiuguished by the suffixes 1 and 2 respectively. 



From 


equation 


(III) H.P 








Now, 
plained 


n the text, we get :— 


to be 


perfect, aa W- 


From 


equation 


(IV) P. 


*(¥)/ 






Or, 
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(V) P. 


■Oi63ip/ 










H.P. = 


■0463 ^, „ 
35:000 ^^P^- 




Heuce, assuming/to be the 


aame in both 


cases. 


weget;- 






^r 












¥-■ = 


8 X 4 >! (3 


< 60) 


6 
~ 5* 


4 X 2 K (10 


X 60) 


■■■ 




H.P., . 
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Flanged or Shronded Wheels.— SometimeB the rima of toothed 
■wheels are made broader than the teeth, and extend to the pitch 
circle or even to the points of the teeth. The wheels in such cases 
are said to be "flanged" or "shrouded." Shrouding has theeflect 
of increasing the strength of the teeth, and it ia for this purpose 
they are so made. With ordinary proportions of teeth, shrouding 
to the points may have the efiect of nearly doubling thb strength 
■, however, that only one of a pair of wheels 
this way. When the two wheels in gear 
both may he shrouded to near their pitch 
it ia usual to fully shroud the smaller wheel 
only, since the teeth of this wheel are anhjected to greater wear 
than those oa the larger one 'Sometimes both wheels are shrouded 
to the points of then teeth ou one Bide only the shrouded side of 
the one hem„ ii iju ite the unshiouJed iJe of the ofher ThiB 



of the teeth. It is clea 
can be strengthened i 
are about equal in siz 
circles. In other 
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method la also adopted in those cases where the wheels are re- 
quired to be tliixiwn out of (,ear by shdmg one of the wheels 
^ong its shaft These thiee methods of slnouding will be easily 
understood from the accompanying figures Owing to the difijcult^ 
ID moulding shroudid wheth they are nevei adopted except in 
heavy machinery subjected to severe ahocts. 

Hooke'B Stepped GeEU-Ing. — The amoothncss of action with 
toothed gearing depends ujwn the number of pairs of teeth which 
are in contact simultaneously, the gi*eater the number the sweeter 
and smoother the motion. This is of the greatest importance 
with some kinds of machinery, and noisy action should be avoided, 
as far as poaaible, in every case. We have seen in a previous 
Lecture that the number of pairs of teeth which are in action at 
once may be increased, either by reducing the pitch of the teeth, 
or by incr&ising the length of the path of contuct. But reducing 
the pitch of the teeth reduces their strength, as we have just 
shown ; and increasing the length of the i;ath of contact causes an 
increase in the length of the teeth, which has also the effect of 
reducing their sti-ength. Hence, neither of these methods can be 
advantageously adopted. To overcome tJieae difficulties. Dr. Hoohe 
invented his stepped gearhig, which i-esults in the smoothness of 
action due to fine pitched teeth without the reduction in strength. 

To understand this form of gearing, imagine an ordioavy s^wt 
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wheel built np of n (five on the figure) narrow spur wheels a^y 
fixed together side by side, the pitch and other dimenBiooa of liu 
teeth being proportioned by the ordinary rules. Instead of the 
teeth being placed end to end in a straight line parallel to the 
ehuft, let them be arranged in steps, as shown at A, B, C, D, E, so 
that each successive tooth is a short distance behind the preriom 
one. The action with a [>air of snch wheels will clearly be rimilir 
to that of ordinary wheels wherein the pitch ia only 6 c Tbe 
niimber of steps, n, aiid tbe length of the steps, b c, may be anj- 
thing to suit circumstances, bnt the former is generally so arranged 
that the face of the last tooth, E, mayjustbeto the left of the ftee 
of the first tooth, F, on the next series of teeth, by the length of 
a step, b c The length of a step, 6 c, is then one nth of the pitch 



HOORE'S Steppbd Geakino. 

of the teeth, and should be small compared with the thickness of tb* 
teeth, Otherwise the teeth will be weakened for want of siifficien' 
connection with those on either side. If the teeth are designed i* 
the usual way, so that two conaecative teeth on any of the ria^ 
composing a wheel are always in contact with two consecutiV* 
teeth on the corresponding i-ing of the other wheel, it is evidetf* 
that for the two wheels there will never be fewer than 3 n paif* 
of teeth in contact. Thus, under ordinary circiim stances, wit*! 
five steps on each wheel, there would always be at least ten i»it* 
of teeth in contact. The motion wonld, therefore, be inoofc 
Bmoother and sweeter than with ordinary gearing. Stepped 
gearing is sometimes used for the rack and jiinion arrangemen** 
lor moving the tables of planing machines, which reqairu to b* 
very uniformly and steadily moved. This form of gearing migh* 
be conveniently adopted in many other cases where regularifcy" 
and smoothness of motion are of primary imiMrtance. , 
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HeliCEtl Gearing,— If we euppoae 6 c to become infinitely smEtU, 
ind, tiierefore, the nuDiber of steps, n, infinitely great, the broken 
me abcUe would become a coDtinuoiiB curve, which ia 

deaily a helix, or soiew line, tiaced on the pitch surface of the 
*-■■ ^ Thu senet. of stopped teeth, A, B, f , D, E, would then 
a single helicil tooth W lieela having their teeth formed in 
hia manner are called Helical Wheels AYhen accurately made 
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SiNoLB Hei. Ii <r, WaKBLa IB UKAH, Showiho Uppcjite OBLiqnmBS. 

aiid erected, theie is ainioat jwifect line contact between the pairs 
oE teeth iq gear, thus augmenting the stiength of the gearing, 
yy&t the smoutliness ot action la about the greatest attainable 
■mth ordinary inateiiala 

The oWiquity of the teeth is the angle which their directions 
Mke with a plane containing the axis of the shaft, and in oi-dinary 
tirenmatances ia about 35°. Juat us screws are right-handed or 
iBft-h&nded, according to the direction of tlie helical thread on the 
Wt, BD we speak of right-handed or lefl-handed obliquities with 
raipect to helical teeth. A pair of helical wheels to gear together 
must lis, vo right- and left-handed obliquities respectively, aa shown 
by ihe above figures. 

Double Helical Wheels.— Owing to the oblique direction of the 
'Soth their mutual pressure tends to separate the wheels axially, 
"i"! thereby produces considerable lateral pressure on the hearings. 
To neutralise this prejudicial action, the teeth are now formed in 
two eqnal parts with opposite obliquities, and united at a, common 
SKyon, as shown by the accompanying figures. Such wheels are 
termed Double Helical Wheels. They are i-emarkable for their 
^ti^ogtli and smoothness of action. The pinion shown is shrouded 
•fl the pitch circle, which further increases its strength. No 
'^ble information has aa yet been forthcoming regarding the 
hrtUtive strength of helical and oi-dioary gearing, but it is believed 
*™t, nnder similar circumstances, the former are at least 30 per 
Mat stroDger than the latter, and they are certainly more durable 
and eusier in their action. It is, however, more difficult to obtain 
PWfMt bearing between the teeth of helical wheels thaii ■w\i\i. 
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a. TW ■— H t rt dispUcement of the middle plaueaor 
tte wfcnb ban coiacideBee mmj aiiu« the iictioa between the 
terth to be aMtfined to one ball' of each tooth, tfaas TirtHBllr 
fnianliiiis their aticagtlL. The metliod of Dvercomiog this iliS- 
ealtf is to allov one of the riiafta a uuall amouut of lateral motion 
is its beuit^ •> tlMt the wheel which it carries may atwaj^ 
■eeoinmodate iudf to the other. 

HeUcal teeih ate dcajgned in the same way and according to 
the laoM rales at atdiDaijr teeth, ky aetciiig off their " 







At, aloug a jiitch circle of the wheel. The teeth, however, must 
tie along the face of the wheel in a helical direction. 

Helical wheeU are exteosirelf used in the construction of heavr 
gearing, such as that required for large coggiug and rolling mills 
and submarine cable machinery, and they are said to give greiit 
eatiafaction. The casting of such wheels presented considerabl« 
difficulties at first, but these have been overcome, and now bolical 
bevel wheels can be as easily cast as spur wheels. Their coat is 
little more than that of ordinary toothed wheels. 
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Lectube XVI. — Questions. 

1. Deduce an expression for the work lost by friction between the teeth 
o! a pair of wheels in gear. In a pair of spur wheels with external contact, 
the number of teeth on the wheels are 25 and 75 respectively, and the 
coefficient of friction is O'l. Assuming the arcs of approach and recess 
each equal to the pitch, find the efficiency of the gearing. Ana, 98*3 7o* 

2. In spur-wheel gearing, explain how to estimate the pitch of the teeth 
to transmit a given horse-power with a given speed of periphery. Show- 
that under some circumstances the pitch should be proportional to VP, 

p 
and under other circumstances to -r, where P is the pressure between two 

teeth, and b is the breadth of the face of the teeth. (S. and A. Mach. 
Const. Hons. Exam., 1890.) 

3. A toothed wheel, IS inches diameter, makes 150 revolutions per 
minute, and transmits 30 horse-power, what is the maximum pressure on 
one tooth, assuming it to take the whole load ? If the width, of the teeth 
is 2 inches, what pitch should you adopt? (C. and G. of L. Mech. £ng. 
Hons. Exam., 1892.) Ans. P = 1,400 and p = 1'4 inches. 

4. A cast-steel spur wheel transmits 80 horse-power. The pressure 
comes upon one tooth, and may be supposed to act uniformly along its 
point— that is to say, the tooth may be regarded as a cantilever loaded at 
the extremity. Diameter of spur wheel, 3 feet; number of revolutions per 
mintite, 150 ; length of tooth, 1^ inches ; width of tooth, 4 inches ; safe 
tensile and compressive strength of cast steel (allowing for vibrations) per 
square inch, 8,000 lbs. Find thickness of root of tooth. (C. and G. of L. 
M:ech! Eng. Hons. Exam., 1890.) Ans. 6 inch. 

5. Sketch the rim of a spur wheel with shrouded teeth. Explain the 
object of shrouding the teeth. 

6* Give sketches showing Hooke's stepped gearing, and explain its con- 
struction and action. What advantages are derived from making toothed 
gearing of this form? 

1' Give sketches showing single and double helical wheels. Explain the 
principles upon which they are constructed and act. Why jue double 
"elical wheels used in preference to single helical wheels? Discuss the 
advantages and disadvantages of helical and ordinary toothed wheels. 
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LEcirRE xvn. 

CosrssTS,— Belt, Rope, and Chain Gearing — UBterinlB for Bfilfmg- 
Curing, Cntting, and Splicing Leather far Bella— Different MothoiSol 
Jointing Leather Belta — Average Strength of Leather Belt Joints— 
Mamifactnreof Long and BroHdLaiithcr Belting— Which Side of Iho 
Leatlier ahoiili! Face the Pulley— Douhle and Trehie Belting-Coin- 

Snnd Belting— Link Chain Belting — Victoria Belting — Waterproof 
nvas Belts— India-rubber Belts— Uattapereba and Compoaits GottS' 
pereha Belta — Strength of. Working Tension in, and florse-pavet 
Tranamitted by, Belts- General Requirements for Belting— Rope Gew- 
ing — Size* of Ropes and Pulleys — Strength of Cotton and Hemp 
Ropea- Rope Pulley a- Mul tig roove Rope DriveB— Speed ot, MO 
Horae-power Transmitted by. Hopea- Power Abaorhed by Eope 
Driring- Telodynamic Tranamission— Pulley B— Wire -Rope Hiulip 
and Transport — Qnestions. 

Belt, Rope, and Chain Gearing The traDsmission of poww 

between distant shafts is usually effected by means of pulleja and 
belts, ropes, or chains.* Although belta are moat commonly 



* The transmiaaion of power between distant shafts ia often effected hf 
means of dynamos, wires, and ii^otora, but this caae is evidently outside a 
tlie range of the preaeot work. The following ia a list of books and papow 
trciting of belt and rope driving ; — 

E. & P. Spon's Diaionary of Engineering (E. & P. Spon, London). 
Paper on " Transmisaion of Power by Wire, Roiiea. and Turbines," bj 

H. M. Morrison. Proreedings of /luil. of Meek. EngineerB, 1874, p. M- 
Paper on " Rope Gearing for Transmission of Large Powers in Mills and 

Factories," by J. Durie. Proeeedinga of Inst, of Mech. Enniruen, 

1876, p. 372. 
Sir W. Siemens' prize " Essay on Machine Belting," by A. H. Bueud^ 

read before the Liverpool Polytechnic Society, January 39, IStJS. 
Paper on "Belt Driving, by J. TuUis, communicated to the Convention 

of British and Irish Millers in Gia^gow, June 17, 1S85. See Messrs. 

TuUia Sc Son's Guide to Belt DriHng, 1801. 
" Rope Driring," by Chaa. W. Hunt, of N, Y. City. See vol. of Trmt. 

Am. Soc of Meek. Enga. for 1800. 
A Treatise. OH the Use of Belting for the TranJanission o/ Poirer, by John H. 

Cooper. Fourth edition, ISSI. Published by Edward Meeks, Walnut 

Street, Philadelphia, U.S.A., and E. & F. Spon,_ London. 
" Experiments on the Transmiaaion of Power by Belting," made by Meitts. 

Wm. Sellars 4 Co. See vol. vli. Am. Soc Mech. i/'ni/fneeri. 
Two Papers, by Wilfred Lewie and Prof Lanza, read before the AmelicHl 

Society of Eugineers, Chicago. See vol vil. of the TraTuaetioni, 1888. 
'* Comparative Tests of Leather and Canvas Rubber Belta," by S. Wehbs. ^ 

See Trans, of the Am. Soc. Meeh. H'lgs., vol. viiL, """' — ' *^ 

Jlleetriail Ileoieu: of September 5, 1890. 
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ployed for this purpose, yet in certain cases, where great jwwi 
1 to be transmitted between two distant shafts at liigh speeds, 
>e gearing is prefereed on account of its flexibility, lightness, 
let Bmooth. working, easy repair, small first cost, and the facility 
th which the desired tension can be regulated by means of A 
htening pulley when one continuous rope is nsed.* 
Chain gearing is employed in cases where the motion is slow 
i the power greater than could be safely ti-aiiaraitted by narrow 
Its or ropes. It is ako used where slipping is inadm-issible, 
d where, aa in the case of rolling mills, iSic, belts or ropes 
raid soon, become perished or burned by the heat from the 
tteriala beinf; acted upon by the rolls. 

HateriEds for Belting. — The most common and, generally 
eakiog, the best material for belting is leather ; aUliongh many 
tetitotes, such as cotton, india-rubber, Dick's canvas and ha!ata, 
oven gut, camels' and Llama hair, have been devised, and found 
117 Bervicoable under special conditions. 

Cnring, CnttiDg, and E'plicing Leather for Belts. — The best 
sther for beltini; is made from skina takeu from the backs "f 
ill-gcnwn Higliland oxen. The hides are thoroughly cured \iy 
Bing immeined for a long time in an " orange tan " liquid,! which 
Msessea the property of condensing and contracting tlie raw hide 
istead of causing it to swell and become heavier, as is the case 
'lifln they are tanned with " oak bark." This process produces a 

%pw on "EeltiDg for Machinery," by H. A. Mavor, M.Inat.E.E., read 
before the Institution of Engineers and Shipbuilders, Glasgow, on 
PebTOary21, 1893. See ProeeeUingi 0/ the Instilulioit. 
*0»m*» q/' jtfociine Dtiigti, Part I., " Belt und Hope Gearing," by Prof. 

W. C. Unwin, F.R.8. (Longman, Green & Co., London). 
'MketDiary ofthe Jffcftaniooi IPorld (Emmot & Co., Manohester). 
Iw Pnulieal Engineer Poeket-liook and Diary (Teohniual Publishing Co., 

MancheBter). 
■sper by Prof. W. C. Unwin, F.R.S., being the Howard Locturea delivered 
bafore the Soeiety of Arte, 1893. Printed in the Society of AHi 
Journal, and reprinted in the PrcKiical ETtgiiiter, December, 1S93, and 
January, 1894. 
'Kriea of eicelleot articles on "Rope Driving," by Prof. J. J. Flathef 
in The Electrical Worid (W. J. Johnston Co., Limited, New York 
City), from October 21, 1S93, to AprU, 1895. 
* Wlien two or more independent ropes are employed, tightening pulleys 
jttmiito he impracticable. 

e Pftfaait Specification No. 8,165 of 1884 we leB.m that this 
1b of '" Spanish extract,' having borax or saltpetre dissolved 
Mid extract be'mg an astringent solution obtained by grinding 
l^tbe rind of the orange and lemon. The qnantities of borax 
B may be considerably varied. Afttr the hides, when thus 

, ..re treated by the ordinary operation of currying, it c 

lem into leather fit for commercial use," 
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thill, tirra, practiciilly stretcliltM and very Jight. strong leather, 
which 11 particularly well suited for the traDsmission of pmr. 
Tbe tliickness of the leather thus obtained is generally abml^ 
inch, its extreme length is about 4 feet 6 inches, and width abont 
4 feet. The tanned hides are usuiUly cut up iatci jtarallel strips iJ 
the required breadth, and these strips are then joined end to enJ 
by overlap tapered splices in order to make up the desired lengtli 
of beltiog. 

In forming these splices the ends of two strips are j?j's( ffltrefullj 
tapered to a thin edge by planing machines.* Secondly, the 
tapered faces are covered with glue. Thirdly, they are cemented 
togethei' under great pressure. FoartHy, as an additional pre- 
caution the splices are laced with utitanned ox-hide, i-iveted witb 
copper rivets and washers, or sewn with wax thread and cu 
wire. 

If a greater thickness should be required than that afforded lij 
a single atrip of the hide (aa in the case of double oi' treble 
belting), then two or three such strips are thoroughly gluod 
together under great pressure. The final ends are left sqiaw 
nntil the roll of belting ia taken from the store for the purpose of 
making up an endless belt of the required lengtii fur any pa^ 
ticular set of pulleys. A sufficient length is then cut from the 
roll and stretched before making the final joint by one or oth 
the following methods. 

Different Methods of Jointing Leather Belts. — Fig. (1) ebain 
a joint which is generally made in a belt factory where ttn 
necessary scarfing planes and comjjressing gear are available, 
Cemented joints made in this way are nearly as strong aa lli« 
other joints. They last longer and drive better than when m' 
up by sewing or riveting (see following table). 

Fig. (2) represents a good connector for new and stout iealbef 
belts. This Harris's fastener is laid down upon an iron WoA 
with the teeth upwards. First one end of the belt is driven In"" 
upon one half of the teeth, and then the other end upon tbe otlie' 
half, care being taken not to disturb the curve of the fasteners* 
this gives the necessary holding bite to the teeth. 

Fig. (3). The tough yellow metal fasteners shown serve 
well for belts nraning at high speeds over small pulleys. - 
slits for these clips are made hy a special form of cutting pliers m' 
should be cut fully i inch from the end of the belt, being so spaM* 
that the crossheads of the fasteners come close to each other wtt* 

■ Care should be taken to plane the one atrip from tbe hair sid* *''^*' 
other strip from the flesh aide, so that the belt aa a whole may pwaeiii' 
tlnifnrm aurface on each face. 
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ttij strep. In order to jireveDt the body of the metal clip fcoi 
Wngbent up and down when pH.asing over the pulle3'B the fustenwl 
sbualil be as shovt h.e practicable. 

Fig. (4). The Mtrengtli of an upturned joint of this 
creased by inserting a leather strip or washer between the tuniedil 
Ipeiidaaa shown. For this kind of joint Jackson's patent hot tl 
and waaher fasteners are used by Messrs. John Tiillia it Soa, rf'J 

t3l 



Glued ft Laced Splke. Butt Jqiht huh Hnms's F/snim. 



Overlup laced Joint. L/iced Butt Joint with Apron. 



0^ 



;Glaagow. They are also recommended by them for cotton and 

ilJama hair belting. 
Kg. (5) shows the ordinary ovevlap laced joint in both section 
Bid plan. Care ahonld be takea to taper down and curve the 
Wa to suit the smallest pulley over which the belt haa to pass, 
MWwise the joint will be stiff, aud, consequently, every time it 
wele on and off the pulley a sort of hinge action takes place, J 
•wompanied by a shock, which not only ahortena the life of the J 
wit, but also commniiicate.s a jar to the shaft and machine being^ 
iriven. 
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Fig, (S). For heavy broad double belts, where a scarfed 
joint cannot be used, this form of joint with leather &pi' 
a very good oonnection. 

Figa. (7) and (S) show the beat methods of lacing sii 
joints. The holes for the lacer are punched so as t 
diamond or pointed figure, whereby there are never n 
two holes in line across the belt ; and, consequently, it ia 
to retain almost the entire strength of the belt without i 
its flexibility. Another plan of lacing a. butt joint, » 
very suitable for dynamo driving and enaiirea steady 
running, ia illustrated by the following figure : — 



iple lintt 



possible 




Tha joint is made by a Helvation leather lacer of ^-ineh wi^' 
in one length, by beginning at hole marked 1, and coatinW^S 
through the several holea in the order, 2, 3, 4, ikc., aa shown '') 
the figure, ending with hole 1, which ia also marked 21. 

In order to facilitate the making of any one or other ot ^' 
above-mentioned joints in belts more than 6 inches wide, i' '' 
usual to employ a "drawing-H|) frame" of the form ahown by tW 
accompanying figure. The two ends, Bj, B^, of the belt, »^ 
being passed over the driving and driven pulieyw, are hroiiajj' 
towards each other and gi'ipped by the clamps, C^, Cj. "" 
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spanner, K, is then applied alternately to tlie nuts of the long 
Bcrews, Sj, 8„, until the tapers of the splice are brought fairly 
over each other, or until the ends come together lairly aud 
squarely in the case of a butt joint The lacing can then be dose 




Stretch IK o Apparatus. 



■without any other effort than that of merely passiug the thoiig 
through the holeN and drawing it home tightly. 

The chief objects to be attained by a good joint ate— ^>s(, to 
niaintain a close apjiroxiinatiun to the belt strength ; and 
second, to keep the thickoess and flexibility of the joint as nearly 
equal to that of the belt as possible in order to prevent jumjiing. 
Prom the followiDg table it will be seea how far the first of these 
objects ia attained in practice ; — 



AvERiOB StBKNOTH 






i Bklt Joints. 



And percentage strength aa compared with tlie average streogtli of leather 
belts, taken as 4,132 lbs. per square inch. From tests made fay 
A. H. Barendt at the Liverpool tiSebool of Seieuce. 



z-.,«.. 


piraquaw'inoh. 


Per Caut, 
Strength. 


Cemented (only) 

OrdinBry wbite thong, without riveta. 
Waxed thread, «ithont riveta, , 
Wire BEwn or clinched, without riveta. 
White thong, with two rivets, 
Waied thread, with two rivets, . 
Copper wire sewn, with two rivets, 
Wbite thong, with one rivet, . 




2,25* 
2,404 
3,240 
3,272 
2,262 
2,802 
.^,060 
3,226 


S2'12 
B9-4 
78-4 
7918 
64-74 
67-83 
75-Hl 
78-06 
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Muiofactore of Long and Broad Leather Belting.— Bj the 

ordiDary plaa at cutting u|> hidea into Btmiglit atnpa, their length- 
is limited to about 5 ffet, thereby necessitatiog a correspon^iK 
iiuniber of Bplicea. MesBrs. Sampson & Co., of Stroud, hav3 
recently devised a method of making long continuous strips of 
leather. A dm: of leather, 4 to 4J feet in diameter, is cut frmim 
the hide. After being tsnned and cured in the usual way, it is 
cut in a Bpiral direction from the outer edge to within abonk 
9 inches of the centre. This sfiiml strip is then stretched »xA 
■well rubbed untU it becomes quite striiijht. It is foand that the 
strength of the leather is not apparently diminished by this proces. 
Of course, tlie length of the strip depends on its breadth. Iftlia 
breadth he only 1*5 to 2 inches, then a strip of about 100 feet can 
thus be cut from a disc 4J feet in diameter. By sewing a number 
of Kuch strips together side by side, while stretched, a. belt of any 
required width can be obtained. Belts 75 inches broad, J iDch 
thick, and over 150 feet in length, have thus been built up 6r 
transmitting power in mills, directly from the flywheels of lai|6 
engines to the main shafting. Long belts should never be made 
heavy, because the greater their weight, the greater becomes ibeir 
tendency to OBoillate up and down, and swing Irora side to side. 

Which Side of the Leather should Face the Pnlley.— TJie grsin 
or hair side of the leather Is naturally much smoother than to 
flesh side, and engineers differ in opinion regarding which of tie* 
sides should run in contact with the pulley. In tbia country, th* 
rough or flesh side is almost invariably placed in contact with the 
pulley ; but in America it is the smooth side. It is claimed fo^ 
the latter method, that the life and efficiency of a belt is thecebj 
increased. Whichever side of the belt is in contact with on* 
pulley, the same side should be ia contact with all the pulleys ovet 
which it passes, so as not to bend it alternately in differeO* 
directions. When the flesh side is next the rim of the pulley, *' , 
should receive one coating of currier's dubbing, and three coating* ^ 
of boiled linseed oil every year, in the case of a belt having *f ' 
endure continuous hard work. This has the eflect of rendering *' ; 
about as smootli as the hair side, and its efficiency as a. whole ^J | 
said to be thereby iocreaaed. When the hair side ia in conta*^, 
with the pulley, it is usual to give that side an occasional eofttii*8( 
of castor oil in order to render it more flexible, and, consequential . 
more durable than it would be in its natural stata Ilosin *^ 
cobbler's wax should never be employed, aa they gather dirt, »M*" 
form lumps on the pulley and belt. 

Double and Treble Belting.— Sometimes the breadth of a sing** 
belt necessary to transmit a given ]iower would be inconvenienblj 
great, and hence double or treble belts are used, ~' "" 
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ff cementing, aiid then riveting or sewing, two or three thicknosses 
if belting together. Owing to the greater rigidity of such helta, 
.liey do uot work ao satisfiictorily as single ones, and are not well 
iriapted for running at high 
jpeeds, or over piilieyB hav- 
ing a diameter of less than 
3 ov i feet, or in cases 
ifhert! the puUeya are close 
~ :ther. This is clearly seen 
accompanying illua- 



Uiion, which 

nge that 
^ng on i 
fecial] y wh' 
■all pulleys. 



face of the 
Wt ia aliown by the necessary 
Bdnctiou in the size of the 
side blocks, and the stretch- 
J of the outer face by the 
iSrting of the blocks of tlie 
mteidB row, when passiug 
the pidley. 

esara. Sampson & Co. bnild their double belts by sewing 
Bgflther and pegging with hurd wood piuSj a number of speci- 
'Jy out narrow leather atrijis, with a layer of canvas between 



shows 

continually 
thick belts, 
passing t. 



The 
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iffi^mif-S:^. Y_. 
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Joint in Uppeh H/ilf 



o 


o o o o 


o 


o 


o o o o 


o 





Co.'s Double Leathee Belting. 
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theiD. ks iUnatnted by the accompanyin}; fignre. There is aln&ji 
one uiore strip on the lower or wmkin;; side than on the uppet 
half. They claim the advantage of being able to produce in tliii 
way a belt of very nearly nniform weighc throughont its length, 
having a hard, smooth aui-face formed on the flesh side, due hi tbe 
bamroeNQg required to drive home and cli'ncb tbe nnmerous htrd 
wooden pegs with which the two aiagle belbi are fixed togethei< 
Further, since the sewing is not exposed on either surface of this 
belt, the leather mnst be nearly worn thrjiigh before the sewing i" 
damaged. 

Compound Belting. — In order to avoid the internal atrainicg 
action of thick double or treble belting, it has been found advisable 
to edmply put two or three thin single beltd on the top of each other, 
without any cementing or 
riveting together, as alioii 
bytheaccompanyingligiire. 
Tiiis gives perfect freSom 
iif action to each belt M 
accommodate itself to tb* 
ver which it passe* 
without atressiog its neigl>" 
boiirs. ThefrictionbetweflU 
the surfaces of these several belts is not found to have any obset' 
vable objections, and it is said that 70 per cent, more power e»i' 
be tiausmitted by compounding two single belts in this maniie^' 
By the addition of a third belt, still more power may be convejeO' 
MessEB. Tiillis &, Co. find that by placing plaiu double belting O^ 
the to[j of their liuked chain belts (when arched to fit the cur*'* 
of the pnlley), twice as much power may be transmitted than t»j 
either of these alone. 



(^3 



CoUFOCBD Bklt Dmvi! 




Com po nun Bklt Dj 



A simple modiiication of this compound belt drive ia illustrated 
by the above figure. The power is transmitted from one main 
driving pulley to two or more driven pulleys by separate belts, all 
moving in the same plane, and in a direct line with each other. 
This arrangement aaves considerable room in a workshop or 
factory. It has been proved to be very handy for driving several 
dynamos direct from one flywheel, instead of from iudependeat 
drums. 
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It is often iirged as an argument against single belting, that it 
l^oes not woi'k well under the action of sliit'ting guide forks. 
■ This may be avoided by running the belt at a sufficient speed. Bay 
^between 2,000 and 3,000 feet per minute, and, iti all cases, by 
Iplacing th<t guiding fork at least 1 foot from the point wliei'e the 
I belt touches the ongoing side of the pulley, ho as to give freedom 
fio the belt to assume its new position. 

LiDk Chaiu Belting. — Since flat belts fail to take a perfect grip, 
I due to their retaining a cushion of air between them and their 
I puUeya, Messm TiiUis &, Sou, of Glasgow, have devised a complete 





Thick 



TcLLis'3 TnicK-SniBu- 



QuABTEB Twist, 



Byatem of link chain belting. This form of belting permits of the 
escape of the air through the spaces between the links, and thus 
enables the leather to bear uniformly over the face of the pulley. 

It is composed of a. series of short leather links bound together 
by steel pins and washeis. These belts possess considerable 
flexibility, and can be made with a fiesible central row of links 
to automatically auit the arch of any pulley. If desired, tliey 
may be Bi>ecially curved to salt any camber. They further possess 
the advantage of being easily shortened and rejoiuted by simply 
bringing the ends together with a drawing-up frame, interlocking 
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the links until a roy of rivet holea are brougLt fair in 
ftod then inserting the rivet. When one side of this belting ti 
made thicker than the other it is well adapted for working oi 
tapered cones and for quarter twist driving. 

Victoria Beltii^. — A succesBfal kind of belting has of late been 
introduced under the name " Vidoria Belting." This is simg^ 
ordinary l:«lting from which the spongy parts of the leather » 
the fleeh side have been pared away by aid of machinery, and tl» 
whole I'etlueed to a nuifonn thickness. A belt of this descrijitini 
is nioru flexible than an ordinary one, and, although tbii 
about eqnal in strength. Double belts, made by ceni 
and riveting two thicknesses of Victoria helting, are little thicker 
than ordinary single belts, and are quite as flexible and veiy 
mnch stronger. The hair side of each of the parta cemented 
together being kept outfiide, these will always run in contact vill 
the rims of the pulleys and guide pulleys over which they pass. 

Waterproof Canvas Belts.— Next to leather, -waterproof cants 
belting of one kind or another is the most populai-. It is especially 
well suited for paper-mills, dye-works, and other factories whet 
moisture or steam is prevalent, or for working in the open ai 
tinder varying climatic conditions. The best canvas belting ia 
made &om selected Egyptian cotton. After beiug folde.d to ths 
required breadth and number of plies, it is stretched and then 
stitched throughout its length along the open seam. After iieing 
dried it is thoroughly saturated with linseed oil, painted with \'ed 
silicate to make it grip, mangled to squeeze out the superfluous 
oil, and finally stretched for about a fortnight to render it as icej;- 
tensible as possible under ordinary working conditions. It can 
be made in one piece of any required length, breadth, or tfaicknesii, 
atld it has a greater breaking ati-ess per square inch than ost 
tanned leather in the lutio of about 6,700 lbs. for canvas to 
4,100 lbs. for the leather. It forms excellent main driving belts, 
but once it begins to wear and give way at any place it cannot be 
repaired or patched so readily as leather, neither does it so well 
endure cross driving or being acted upon by shifting forks- 
The tatter defect is to a large extent overcome by protecting 
it with stitched leather edges throughout its entire length. 

India-Bubber Belts.— These belts present a very smooth, well 
fiai.shed, and excellent gripping surface. They are made by taking 
stout canvas of the required breadth direct from the roll, pasaing 
It uver a steam heated cylinder in order to expel the damp inherent 
in the canvas, which would otherwise rot the fii-st layer of rubbet- 
TliP web is next passed between two heated rollers. From the 
Hpper one it receives a thin plastic coating of rubber. It is then 
*bld«d double ; or, if the canvas is of the same breadth aa thebdl, 
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WO or more plies atuikrly treated are pi-essed together. It is then 
ptireljr wrapped in rubber, trimmed along the edges, and vuloan- 
led in ateaiu heated moulds uader considerable pressure. They 
o not wear nearly so well as leather belts, for the life of a 
Rrd worked one does not exceed eighteen months, and once the 
abber begins to peal off the working side and the canvas heart to 
rear they suddenly break straight across. They do not give so 
inch trouble as might be expected from stretching, and they can 
e taken up and jointed by the methods shown in Figs. 1, 4, and 6 

the begioning of this Lecture. They cannot he recommended 

r shifting belts, as the edges which come into contact with 

e shifting fork soon become ragged and cut. 

Guttapercha and Composite Guttapercha Belts. — Solid gutta- 
DTcha belts have been tried, but being expensive, liable to perish, 
to stretch they have been abandoned. A very successful com- 
osite belt has, however, beeu introduced of late by Messrs. E. it J. 
)ict of the Greeahead Works, Glasgow, which possesses all the 
idvantagea of water-proofed canvas, together with good gripping and 




Bsting qualities. It is manufactured from the best " long-staple " 
Egyptian cotton canvas, which is cut to the required breadth, 
bied, and covered on each side with balata, dried again, folded into 
the number of jilies and breadth of the belt, covered on the outside 
Mith guttapercha, and finally, is stretched in long lengths in 
order to render it as iuextensible as possible under working 
conditions. 

Any required length, breadth, and thickness of belt can be made 
b this way, and the final single joint may bo bo neatly scarfed, 
||ined, and pressed that it is not thicker tlian the ordinary belt and 
pearly as strong and supple. Or Walker's jump-joint fasteners 
[Bay be employed, as illustrated by the accompanying figures. 

Strength of. Working Tension in, and Horse Power transmitted 
tfj, Belts. — The ultimate strength of ordiuory bark tanned single i 
tether belting varies from 3,000 to 5,000 lbs. per square inch of J 




r 
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cross-section.* It is, however, Bometimea considered mow 
venient to state the tenacity of & belt in lbs. pei- inch of vidtk, 
The thickness of single belting varies from ^ to yg- inch, and Eroiii 
f to ^ inch foi- double belting. Taking the mean thickneBses, « 
may say that the breaking Btresaea are from : — 

750 to 1,250 lbs. per inch of width for single belt 
and 1,500 to 2,500 „ „ double „ 

It is found, however, that the strength of the joints is sometimes 
only about one-tliii'd of the strength of the solid leather. Hen«, 
the Jinal strength of an endless belt should not be reckoned at 
more than, one-third of the above values. Further, the sa/e uxTkin^ 
tension should never exceed otie-Ji/th of this final strength (of tie 
joint), in order to provide for deterioration and sudden changes 
of load. From this point of view, we thus arrive at npproii- 
mate values for the safe working tensions by taking one-fifteentb 
{i.e., one-third for joint and one-fifth for factor of safety) of the 
breaking stress jier inch of width, viz. : — 

For single belting, 50 to 80 lbs. 
„ double „ 100 „ IGO „ 

In practice, however, the rule is not to put on a greater tension 
than 50 Ibs.t for single, and 80 IbS. for double belts per incii of 
width, since it is found that under thcKC mild conditions, leather 
belts run for many years with a minimtim of lubrication o 
bearings, and with far less chance of heating the journals or stress- 
ing the shafts. 

The theoretical safe working tension per inch of belt widlh 
to transmit a certain power, at a certain speed, without slipping, 
may be arrived at from another point of view, viz, ; — By ascer- 
taining the coefficient of friction between a belt and its puller, 
and substituting the same in the foi-multe given in Lectures 
VII. and VIII., from which it will bo seen, that the power wtidi 
may be transmitted by a belt is determined by the diffewncfl 
between the tensions of the driving and following sides, and tb^ 
speed of the belt, and that the logarithm of the ratio of these Un- 

* Meaara. Tullis & Sons, of Glasgow, claim the following from test' 
carried out at Lloyd's Proving House : — 

For thtir orange taimed leather, a, breaking stress of 8,244 lbs. per sq. i" 
with 1*3 per cent, elongation. 

For the beat oak tanned leather, a breaking stress of 5,746 lbs. per "i- 
In., with 3'S per cent, elongation. 

+ Mr, John H. Cooper, in bis Trf.ai.ise on the Use of Belling, pp. 383, SHj 
tabulates the results of flfty-tbree rules for the H.P. and stress trusnutlw 
by belts, and. also arrives at the above mean result of BO lbs. per ir'"" " 
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sions is proportional to the coefficient of friction, and to the arc 
^f the pulley embraced by the belt.* 

Example I. — Referring to the following table, we see that 
cue H.P. can be transmitted per inch of width of belt, when 
travelling at 700 feet per minute. Let the arc embraced by the 
telt be 180** and the coefficient of friction '25. Find the tensions 
on the driving and slack sides of the belt, and their difference. 

Let T^ = Tension on driving side in lbs. 
„ T^ = Tension on slack side in lbs. 
„ Y = Velocity of belt in feet per minute = 700. 
fj, r= Coefficient of friction = -25. 
d = Katio of length of arc of contact to radius of pulley. 






Or, T, - T. = ^ " ff "" = 47-2 lbs. . . (1) 

From Lecture YIL, equation (XL), we get : — 

But^ ^ = -^ = ^— ^ = ^. 

^ radius r 

* 

,.. \ogJ^ = log 5? X -4343 = -25 X 3-1416 x -4343 = •34n. 

Y = 2-2. Or, Ta = 2-2 T, . . (2) 

Inserting this value in equation (1), we get : — 

2-2 T, - T, = 47-2. /. T, = 39-3 lbs. 
And, Td = 47-2 + T, = 86-5 lbs. 

These are the minimum working stresses per inch width of 
"belt whicli must be applied to prevent slipping under the above- 
mentioned conditions. 

* For a description of Morin's experiments on the tension of belts made at 
Metz in 1834, and his use of this formula, see Cooper on ** Use of Belting," 
Chap. VIL 
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4-45 


6-73 


2-07 


3-05 


3 03 


4 '20 


4'86 


5-73 




2200 


3-33 


4-67 


6-00 


2-80 


3-20 


3-80 


4-40 


5-20 


E-W 




2300 


3'49 


4-83 


G-27 


2-93 


3 35 


3 '97 


4'60 


6-44 


6-21 




24(10 


3-61 


509 


6-56 


3-05 


3 49 


4 15 


4'80 


5-67 


6'» 




2500 


3'79 


5-30 


6-82 


318 


3 '64 


4-32 


500 


5-91 


6M 




2600 


3 '9* 


6-52 


7-09 


3^24 


3-78 


4-49 


5-20 


6-15 


7« 




2700 


4-OB 


6-73 


7-36 


3-28 


3-85 


4-66 


5 '40 


6-38 


7-M 




2800 


4^2i 


5-94 


7-04 


3-31 


3-86 


4-73 


S^60 


^62 


7-« 




2MK) 


4-39 


015 


7-91 


3 '32 


3 '87 


4-78 


S'SO 


6-85 


7-91 




3IX)0 


4-60 


6-36 


8-18 


3-31 


3-80 


4-75 


5-97 


7-09 


S'lS 




3100 


4 'CO 


6-58 


8-45 


3 '30 


3 '83 


4-73 


5-90 


7 '33 


m 




3200 


4-69 


679 


8-70 




3-82 


4-71 


5-0* 


7-37 


8-n 




3300 




7 '00 


8^86 


3 24 


3 '77 


4-70 


5-92 


7-35 


S-3S 




3400 


4-84 


7-21 


8-96 


3-19 


3 '71 


4-64 


5-87 


7-32 


»•» 




3500 


4-90 


7-31 


9 '06 


3'13 


3 '61 


4-50 


5-78 


7-28 


8* 




3600 


4-9S 


7-40 


916 


3-05 


3-50 


4-37 


5-67 


7-lfl 


s'S 




3700 


4-99 


7-48 


9-24 


2'96 


3 '30 


4'2a 


5-S5 


7-01 


8-S 




3800 


5 '03 


7-54 


9-29 




3-28 


415 


5-41 


8-87 


8-41 




3900 


5-03 


7-60 


9-34 


2-72 


3']3 


4-02 


5-20 


6-70 


$■27 




40O0 


5 'OS 


7-64 


9-37 


2-58 


2-93 


3-84 


5 01 


6-43 


'li 


^^^^H 
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General Requirements for Belting,— The ultimate stvength of a 
belt ia, however, a secondary consideration, since it is so very much 
gieater than the normal working stresa. The properties of greatest 
impoi'tance are — (1) straightness, (2) atretchlessness, (3) pliability, 
(4) homogeneity, (5) uniformity in thickness, (6) good flexible 
joints, (7) ease of repair, (8} endurance or longevity. These can 
only be determined by practical experience. Further, the very 
best beltinst cannot be expected to work well upon jmlleys which 
are unbalanced or out of tnith and line, or which are too close 
together.* The pulleys should be as far apart as possible and their 
diameters as large as possible. Por example, at Messrs, Clark & 
.Co.'a thread works at Paisley there are pulleys as far apart as 
90 feet, For high speeds the pulleys should have little or no 
crowning; for, when a speed of about 3,000 feet per minute is 
reached, the sides of the belt will lise up from the face of a heavily 
crowned puliey due to centrifugal force, and thus gi'catly diniinisii 
the area of contact, inducing slipping, wearing of the belt, and 
unsatisfactory driving. 

Bope Gearing.— The transmission of power is frequently accom- 
plished by nieaDH of ropes instead of belts. In addition to their 
other advantages mentioned at the beginning of this I*ct)ire, 
ropes seldom give way without due warning by slackening or 
iraying in one or more of the atranda, thus reducing the risk of 
accident and stoppage of the works to a minimum. The working 
Btress in the ropes being but a sraall fraction of their breaking 
strength, any signs of weakness in an iudicidual rope would allow 
it to be removed and the engine run with the remaining ropes 
nntil a convenient opportunity is offered for the replacement of the 
weak member. Further, their comparative slackness between the 
pulleys facilitates their cancelling any small irregularity in the 
motive power. 

These ropes are made ot manilla-hemp, cotton, leather, and raw 
ox hide. Hemp ropes are preferred to cotton ropes for main 
drives with large pulleys since they are cheaper, stronger, and 
last nearly as long if spun with a soft greased core. In Mesarsi 
J. & P. Coats' great thread works, Paisley, cotton ropes are, 
however, universally employed. They are made "hawser laid," 
from the beat " long staple " Egyptian, white, untarred cotton. 
By " hawser laid " is meant that the fibres of the material are first 
spun into yams hav ng a njhtfanded t si These yams are 

•Mr. Henry A. Ma in hi ply t the di u a on on hia paper 
"Belting for Machin y d bef th In t n f Engineers and 

ShiubuiliiBrB in Sootlnnd tat that (wh p as 1 1 ) b puUeya should 
be kept apart not le. s than tl re t m s and n m re than four timea the 
diameter of the Urge pullej 
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ee>t t«irt«4 l^t^iaitdeAf iato •taada. I^tlj, tbree snd rtnidi 
tm twittoJ toeethw rijtf la^rfy mmm%a iM^lrt-e the wfr K 
vfh be iiotkvd tlutt wbes dw ilnai » twMtad it aatwnta «dl tf 
tb« tfatea^ sad tfast vbn the tkrae itoiada are tvisted tog^ 
into rope tlu« setion antvutt the atnnd^ bvt >t the ame liM 
re-twiMa tW thnada. It ia tU* t^pa^M tvut that mtth Io bf 
the rope in its (iroficT fbrm.* Cottoa mpe^ Iving nftcr and nan 
pliable than manjlla ropo^ eaa be med with mnller psDa)! 
without undne injoi? (o the fifans. ThiaisalsDeoaddenUjuM 
b^ (be natoial wax in the stmctme of the long staple Tuie^ 
which acts as a Inbricant, and permits of greater freedom of matUB 
between the Bcveral fibres. The life of a good cotton rope » 
niuallj about thirteen years if ptoperiy adjoeted and well treated. 

Sizes Df Bopes and FaUeys. — The axe and nnmber of rope^u 
well as the least diameter of pulley, for any given power, are pMoB 
of importance and Hfaonld be eonEidered for each case. 

The ropes commonly used for the transmission (if poirer in 
factories or mills vary from 3 to 5 inchea in cirenrnfewnw. 
No matter what the diameter of the pnlley may be, ropes of 
IJ inches diameter should not be exceeded for main drives, Bna 
\\ iocheit diameter for secondary drives. The diameter of it* 
smallest pulley Bhonld not be less than thirty times tlie diametff 
of the rope, as the larger the pnlley the less will be the internal 
friction, and cODsequent injury to the rope from bending VoA 
nnbendinz («ee the tbllowing table). 

Strength of Cotton and Hemp Hopes. — The ultimate strength 
of white uutarred cotton ropes may be t^ken at 9,000 lbs. pw 
square inch of the nett sectional area, which is about 90 per fsai. 
of the area of the circum scribing cirele. The normal worting strta 



Bbould not exceed ^of the ultimate breaking stress, or say 300 lbs. 
per aqiiare inch, although ropes are frequently worked at even» 
less tension. Messrs. Musgrave &, Sons, of Bolton, allow a workinS 



stresH of ubouC 300 lbs. per square inch of sectional area. Of tbu 
about 20 per cent, or GO lbs. is absorbed in overcoming back tensioHi 
wedging of rope, itc, leaving 240 lbs. for centrifugal force ana 
transmission of power. 

The following table from Tlie PraclicaL Engineer gives usefiil 
data regarding these points. 

The ultimate strength oi new manUla ropea is abont 11,000 H* 
per square inch of the nett sectional area, which in a three stranded 
hawser ia only about SO ]jer cent, of the area of its circumscribing 
circle. The necessary lubrication, however, reduces the strength by 

"Notw 
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I 20 to 30 per cent., but the lubrication of tlie fibres h of much 
I greater importance tlian the actual breaking Btresa. The greater 
I Ireednm of movement amongst the libiea permits a heavier working 
H to be carried, and enavires a much longer life ; for a pro- 
I perly lubricated manilla rope will outlast from two to four similar 
I dry laid ropes working under the same conditions. There are 
I many ways of ieseening the internal friction ; one of the best being 
I that of coating the several yarns with a mixture of black lead and 
f tallow prior to twisting the same into strands. Under favouriibie 
I conditions, when thus treated, it is practically waterproof, and will 
last for about eight years. 
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Ins. 


Ini. 


lb. 
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H.P. 


Ins. 


IDB. 


i 


■1903 


■os'i 


47 


16 


31 


4 43 


i 


15 


i 


■3067 


■125 


72 


24 


48 


6 '84 


1 


18 


i 


■4417 


■184 


100 


35 


71 


10 'O: 


n 


22 


I 


■6013 


■25 


144 


48 


96 


13 67 


ii'i 


26 


1 


■7854 


■33 


190 


63 


127 


18-05 


1^ 


30 


H 


1-2272 


■51 


294 




196 


27 90 


1^ 


37 


n 


1-7671 


■74 


426 


142 


2S4 


40 48 


21- 


45 


H 


S'-J053 


roo 


576 


192 


384 


64 -70 


21 


52 


2 


3'14ia 


1'30 


750 


250 


600 


71 ■lO 


2i 


QO 



Splicing Bopes.^The splicing of ropes is a matter of great im- 
portance, and should never be left to unskilled hands. In order 
to secure a. stiffiuiently strong joint its length requires to be 
from forty to fifty times the diameter of the rope, or say from 
6 to 7 feet for main, and from 4 to 5 feet for secondary drives. 
The different strands should be neatjy interlocked, so that the 
thickness of the rope is not increased. TJie strength of a good 
splice is only about 70 per cent, of that of the rope. 

Eope Pulleys. — The pulleys used for rope gearing are made with 
V-shaped grooves around their rims, as shown by the accompanying 
figures. 

The sides of the grooves usually make an angle of 45° with each 
other. The ropes must never he allowed to rest on the bottom of 
the grooves, but only on the sides, a^ shown. The^ ma ^Iuoa 




Sixmos or Geooris roE Rope PrtLErs. 

The fitllowing table gives the proporti<xns of grooves of the form 
shown is the above figure, for ropes frooi i inch diameter to S^ 
inches di&rueter : — 

Phopobtioss of Gboove! fok Rope PrLLEvs. 



DlBDetaotSivi 


- 1 B 


c 




- 


F 


- 






I 


IlU. 




llB. 


Ins. 


In 


Ins 


In 


In 








■}■ 


H 


A 




A 


A 


1 
































lA 




iy\ 


A 
















w. 




n 


+ 


















n 




lA 


A 


















n 




1 ) 


i 




W 














2A 


1 f 




4 


















2.V 


1 t 




ts 




s 
















^A 






1 


H 




f 














3 




2 












■ 21 


V^ 


3^ 


H 


'^ 


» 




t^ 


H 



I 





^^^^^" 


^ 


ROPE PULLETS, 


331 




In the case of belts running ou flat-rinimed pulleys, we have 
seen that sufGcient adhesion to prevent slipping between the belt 
and pulleys ia obtained by stretching the belt over the pulleys with 
an initial tenaion. But with ropes, it is found that Buioother 
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1 working and less weac and tear take place when the rope is put 
1 on the pulleys with as little initial stress as possible. Hence the 
1 reason for increasiDg the frictional resistance between the rope and 
I ite pulleys, by allowing the rope to wedge itself into tlie grooves 
1 in ike pulley i-ima. The necessary pressure between the rope and 


i 
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the sides of the grooves to ensure sufficient frictional adhesion at 
the commence me at of motion, is simply that due to the weight of 
the hEinging pui'ts of 
the vopea hetween the 
pulleys. The pulleys 
should, therefore, be 
large, and be placed at 
a sufficient horizontal 
distance apart, so as to 
have the arcs of con- 
tact between the rope 
and the pulleys as great 
as possible. 

The accomi>anying 
figui*e shows the con- 
struction of a large rope 
flywheel, in which the 
wroiight-iron bolt, B, 
connects the grooved 
rim, G R, with tlie 
ivheel boss, W B, and 
thus receives the tensile 
stress due to centri- 
fugal action on G K. 

In horizontal drives, 
the tight side of the 
rope should always be 
in contact with the 
lower parts of the pul- 
leys, and the alack side 
above, so as to obtain 

C of COQ- 



SEtTTios OF Large T.ove Pullki. 




tact between the rope 
and the pulleys, as 
shown by the followiug 
rigjit-hund figure. 



i w 






MULTIGEOOVE ROPE DRIVES. 

If the drive be vei'tical, tbeii tlie rope may require a tiglite 
pulley, in order to insure suffieieot 
frictional resistance between it and 
the under side of the lower pulley, 
as shown by T P in tbe right-hand 
figute- A tightening pulley 
naturally shortens the life of the 





HOHIZOKTAL Hope Driving, 



Vebticai. Rope Dbivinq. 



Multigroove Rope Drives. — Where great power has to be trans- 
mitted it is neither convenient nor advisable to use very thick 
ropes. The usual practice is to have a number of ropes running 
in parallel grooves on one large pulley or wheel. The grooves in 
each pulley must be of the same size and depth, and all the ropes 
of the same thickness. They sliould also be stretched as equally 
as possible between the pulleva. These conditions are necessary 
to prevent some of the ropes being more severely strained than 
Since ropes stretch, it is advisable to put them all on at 



l^o^^ 
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the same time when they are intended to work on the same pair 
of pulleys. In certain cases, such as when driving an alternator 
and its exciter, a single rope is used with a guide pulley and 
fecilitiesibr sliding the machines towards or away from the driving 
pulley, as shown by the tigure, or the guide pulley may also be 
used independently for tightening the rope. 
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HoESK-Powca THAT GooD CoTTOS Dbivisq Ropes will THASaUIt 1 


AT VARioua SrsEDa.* J 




{ByA. O.Broim, M.E.,for Mmgraiie ± Co.) | 






BUMETEll OF ROPKS O, IS-UBEB. 1 




Veloeltj 


■ 




ill Feet 


h" 1 r 1 r 1 1- 1 1" 1 u- 1 ir ■ t | r | 


--— ~ 1 


600 


-81 


1-30 


191 


260 


3 43 


5-30 


7-69 


10-40 


i3'iit 




700 


■98 


1-52 


2-23 


3'03 


400 


6 '18 


8-96 


12-12 


157B 




800 


112 


1-73 


2-54 


3-45 


4-56 


7-05 


10-22 


13-82 


17-M 




SOO 


126 


194 


2-86 


388 


S-12 


7 '92 


11'48 


15-32 


20-17 




1,000 


1-39 


2-15 


3-16 


4-30 


5-67 


8-76 


12-72 


17-18 


22-34 




1,100 


153 


2-35 


3-47 


4-71 


6-22 


9-61 


13-94 


18-83 


24^8 




l,-200 


1-66 


2'68 


3-77 


5 '12 


6-70 


10-44 


15-13 


20-47 


28-61 




1,300 


1-79 


2-76 


4-07 


553 


7-29 


11-27 


16-35 


22-10 


28-73 




1,400 


1'92 


2-96 


4-36 


S-93 


7-83 


12-10 


17-35 


23-72 


S0'S3 




1,500 


2-05 


316 


4-65 




8-34 


12-89 


18-70 


25-27 


32-86 




1,000 


2-18 


3-36 


494 


6-74 




13-70 


19-88 


26-86 


3i-fl2 




,700 


2-30 


3-55 


5-22 


7-10 


9-37 


14'48 


21-01 


28-39 


36-90 




,800 


2'42 


374 


5-50 


7-47 


9-36 


15'26 


22-12 


29-89 


38-85 




,900 


2 54 


3-02 


5-78 




10-34 


15 '97 


23-18 


31-32 


40-71 




2,000 


2-66 


4-10 


603 


8-20 


10-82 


16-72 


24-26 


32-79 


42-62 




2,100 


2-77 


4-27 


6'29 


$■54 


11-28 


17-43 


25-29 


3417 


44-42 




2.200 


2-8S 


4-45 


6-S5 


8-90 


11-75 


18-16 


26-35 


35-60 


46-29 




2,300 


2-99 


4-62 


6-80 


9-24 


12'19 


18-84 


27-34 


36-94 


48-03 




2,400 


3 10 


4-78 


7-04 


9'56 


12-62 


19'51 


28-31 


38 '26 


49-73 




2,600 


3-20 


4-94 


7'28 


9-89 


13-05 


20-17 


29'2G 


39-55 


51-41 




2,600 


3-30 


5-09 


7-50 


10-18 


1344 


20'77 


30-14 


40-73 


52-96 




2,700 


3-39 


5 24 


7-71 


10'48 


13-83 


21-37 


31-00 


41-90 


54-47 




2,S00 


3 ■48 


5-38 


7-92 


10'75 


14-20 


21-94 


31-84 


43-02 


55-93 




3,900 


3-57 


5-51 


3-13 


1103 


14-56 


22-50 


32-64 


44-11 


57-35 




3,000 


3 '66 


5-65 


8-31 


11-30 


14-91 


23-04 


33-44 


45-18 


58-74 




3,100 


3-74 


6-78 


8-30 


11-56 


15-25 


23-57 


34-20 


46-22 


60-08 




3,200 


3-83 


5 '90 


8-69 


11-81 


15-50 


24-09 


34-95 


47-23 


61-40 




3,300 


3-90 


6-01 


8-85 


12-02 


16-87 


2453 


35-59 


48-10 


62-S3 




3,400 


3-96 


6-12 


9-01 


12i!3 


16-15 


24-96 


36-21 


48-94 


63-63 




3,500 


4 '03 


6'22 


9-16 


12-44 


16-42 


23-37 


36 '81 


49-75 


64-67 




3,600 


4-00 


a -31 


9'29 


12-63 


16-67 


25-76 


37 '38 


50-51 


85-68 




3,700 


415 


6-41 


9 43 


12-81 


16 -91 


26-13 


37 '92 


31-24 


66-63 




3,800 


4-20 


6-48 


9-63 


12-95 


17-10 


26-43 


38-35 


51-82 


07-30 




3,900 


4-25 


6-56 


965 


13-12 


17-32 


2678 


38-83 


52-48 


68-22 




4,000 


4-29 


6-62 


9-75 


1324 


17-48 


27-01 


39-20 


52-97 


68-88 




4,100 


4-33 






13-36 


17-63 


27-25 


39-53 


63-42 


69-44 




4,200 


4-36 


6-73 


9-91 


13-46 


17-77 


27-46 


39-84 


53-84 


69-«9 




4,300 


4-39 


6-78 


9-98 


13-55 


17-89 


27 '66 


40-11 


34-21 


70-47 




4,400 


4-41 


6-80 


lO'Ol 


13-60 


17-95 


27 '75 


40-26 


64-40 


70-72 




4,500 


4-42 


6-82 


10'04 


13-64 


18-00 


27-82 


40-36 


54-55 


70-91 




4,600 


4 '43 


6-83 


10-06 


13 66 


18 '03 


27-87 


40-44 


54-64 


71-01 




4,700 


4-43 


6-84 


10-07 


13-67 


18-05 


27-90 


40-48 


54-70 


71-10 




4,800 


4-43 


6-84 


10-07 


13-67 


18-05 


27-90 


40-48 


54-70 


71-10 




4,900 


4-43 


6-83 


1006 


13-66 


18 03 


27-87 


40-44 


64-64 


71-01 




5,000 


4-41 


0'8O 


10-01 


13-60 


17-95 


27 '7* 


40-25 


54-40 


7070 




' In practice. Mess™. Clark .t Co. Ql taM\CT ftn* (b«B ™™an M,\« tilimt bishbB ttl J 


larger iope,. For exumple, they uu4 ft>to« ^i»n W«^^'™ ''■A-Wii «*Jm^j^J 


3,600 feet per mlautt. a^^^l 
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Speed of, and Horse-Power Transmitted by, Ropes. — The speed 
of ropea ia genemlly very high, being from 3,000 to 5,000 feet 
per minute. The usual or average speed may be stated to 
be about 4,500 feet per minute, although some eugineera have 
used as hig^ as 5,600 with advantage. The preceding table shows 
the power which good cotton ropea will transmit at various 
speeds. 

Power Absorbed by Kope Driving.— It is stated by some engineers 
that rope gearing absorbs 10 per cent, leas power than toothed 
gearing. I am assured, however, that this ia au error, for well 
designed and well applied tooth gearing consumes little more than 
4 per cent., helta fi-oni 5 to 5J per cent., and ropes about 7 per cent. 

Telodynsjnic Transmission.* — The successful transmission of 
power by round endless wire ropes commences where a belt, or 
cotton and hemp ropes, would be too long to be used profitably 
(i.e., say about 50 feet between the driver and follower for belt- 
ing and 100 feet for ordinary ropes), and ends economically at 
distances of from 10,000 to 13,000 feet. For, the efficiency rapidly 
decreases as the distance increases, being about 95 per cent, for 
100 yards, 90 per cent, for 500 yards, and only 60 per cent, for 
5,000 yards under the moat favourable conditions. 

This syatem haa been much more extensively employed on the 
Continent than in this country, although the author has seen 
numerous inatancea of its adoption in Scotland, and in Orkney, 
for driving ordinary thrashing mills where the water power was 
down in a hollow and removed from the steadings about 200 
to 400 yai-ds. Messrs. Rocfaling and Trenton, N. J., state, that in 
point of economy, this system costs only about -Jj of an equivalent 
amount of belting and -^ of shafting. This is not to be wondered 
at, since steel wire ropes are cheap and strong, and can be run at 
very high speeds so that great power may be transmitted by them 
with comparatively light gearing. The range in the size of the 
cableB used is, however, small, for the employment of a large wire 
rope means self destruction and loss of jrawer due to its bending 
and unbending over the pulleys ; and further loss of power due to 
moving it at the required velocity over great distances. For 
example, a rope of | inch diameter will transmit 20 H.P. or less, 
and a 1-inch rope 300 H.P,, whereas a l^-iuch ono would uot 

* Sea Chapter Vm. of the fourth edition o£ a Treatise On the Use of 
Bilting, by John H. Cooper (Edward Meets, Walnut Stcaet, Philadelphia, 
or £. & F. Spon, Loudon, 1891); Memenls of Madiine Beaitjn, hy Prof. 
W. C. Unwin (Longmans, Green &, Co., London) ; also the JJoviard 
Lectures, by Prof. Unwin, Society of Arts Journal, 1893, where an in- 
teresting account ia given of the rise and process of Telodyuamlo Trans- 
~~-— -- -yell OB details of the latest practice. 
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nMcetsfnllr tnmsmit any more power, with the same speed and 
sisi? of pqllejs and the same extreme distance, owing to iU greata 
fltifFoeas and weight. 

The first of the foliowing fignres shows a single span witiAs 
slack part of the rope nppermoat :- 




The second also represents a single span hut with the slack {art 
helow and supported in the middle by a guide pulley. 



Spas with Single Scffoktisg Pcllet. 
WTien the length of a span is great, and the height of tifl 
pnlleys not sufficient to pre\ent the rope trailing ou the ground, 
it may be supported in the manner shown in the third figure. 




SiscLE Span vmm Multiple Soffobting PuxLEia, 

When the power has to be conTeyed over a Tery great distance, 

it is advisable to split up the length into intermediate stations or 

" relays," each relay being worked by a scpaiute rope, as shown by 

the feltowicg figure. The puUeya at the relays are double grooved, 



FOLLOWER RELAY HELRY 

ISDEFENDEKT SfASS, 

SO that the two ropes run together ou the same pulley. Tlie 
length of a relay may be fi'om 400 to 5C0 feet, with guide pulleys 



i ^ 
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A good example of this ia to be found at 
nsen on the Rhine, where about 650 horse-power are 
ted through a distance of 3,700 feet to twenty-three 
■s, where u smalt rope of 1-inch diameter, moving at 
e-power. 

QJurious to wire ropes than 
ary to nee very large 



S. — Since bending w more 
ade of hemp or cotton, it i 
vith the former. This 



diminiaheB the damage 
the cable, but also the 
Impended in bending 
bending the rope. 
. the arcs of contact 
le as large as possible, 
r to secure sufficient 
1 resistance between 
e and the pulleys. 
>Iies, unlike hemp or 
ones, must not be 
laterally against the 
the V-sbaped grooves, 
awed to rest on the 
The grooves for wire 
re much wider than 
: hemp or cotton ropes, 
9 necessary to line the 

of the grooves with 
vterial softer than iron, 
wood, guttapercha, old 
rred oakum, or leather, 

protect the rope, and 
< its resistance to slip- 
I'he last material is most 

'ely used for this purpose. The leather is cut into sections 
love-tailed shape shown shaded dark in the figures on the 
ge, and set in on end around the rim. Scrap leather, cut 
d shoes or pieces of belting, does very well, but, being 
in, it takes at least a thousand of them for a 7-foot wheel, 
many are wanted, it ia worth while to make a die to cut 
it accurately and quickly. This is the most durable filling 
n be made, but it ia reported that even leather does not 
re than six months' continuous work.* The guide or sup- 
puUeys do not reqnire to be lined in this way. 
scnra to the author that compressed brown paper might make a, 
ng for the bottoms of the grooves of these wiro-rope pulleys. 
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Tlie ropes used for telodynamic transmiEsion are generally nude 
of steel wires. There are nauallj six stnada in each vope. Eacli 
strand is composod nf six wires twisted aronnd a hempen core, 
aud these six strands are then laid around a central hempen 
core. As with hemp or cotton ropes, the strands are twisted 
in the opposite direction to the wii'ea composing them. Finally, 




Single Gboove. 



UocDLB Groove 



the rope is protected from oxidation by a coating of boiled UnBeed 
oil. Considerable trouble is caused by the stretching of tiew 
cables, but this may, to a large extent, be prevented by passing 
them (before use) between grooved compression rollers, which 
kiUs this tendency to stretch, although, at the same time, it of 
necessity slightly diminishes their diameter. 

The splicing of these ropes mu.st be done by a pi-actised hand, in 
order that the splices may not be distinguishable in size, strength, 
and appearance from the factory made cable. The splices should 
be of such a length — say 20 to 30 feet for 1-incli ropes — that the 
friction between the interlaid wires may easily withstand tbe 
tension. 

These wire ropes, when at work, are subjected to three different 
stresses — (1) the longitudinal tension due to the power transmitted 
and their own weight, (2) the bending stress when passing over 
the pulleys, and (3) the centrifugal stress. As a nile, the longi- 
tudinal tension on the tight side is made twice that on tbe sl»ak. 
side, and the diameter of the pulleys is so chosen that the bending 
stress is about equal to the maximum longitudinal stress. The 
centrifugal sti-ess is usually neglected, unless the velocity of the 
ropes is exceptionally great. The working tension is seldom 
greater than 15,000 lbs. per square inch of section, sttliough the 
steel wires composing the same withstand from 70 to 100 tons por 
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[nare incli.* Tha life of these ropes does not appear to be much. 

lOve than one year when working continuously ; consequently, 
is found advisable to keep a spare rope spliced and ready for 

etion in case of accident. 
Wire Eope Haulage and Traneport.— Although this large subject 

Ltnrally follows what has been said on telodynamic transmission, 

here ia neither space nor time for a full treatment of the question 
this hook. Consequently, we must refer students who may 
lire to pursue this subject to those books and papers wherein 
^le different systems are descrihetl and discussed.f Tlie various 
Eope Tramways to be met with in San Francisco, Chicago, New 
York, Melbourne, London, and Edinburgh are excelleat examples 
pf fast speed rojie haulage. These instances are, however, excelled 
ps far as speed and distance are concerned by the Distilot Subway 
of Glasgow. Here, there are two parallel circular iron tunnels, each. 
i6^ miles long, with thirteen stations. Through these run seven trains 
of two cars each, at a speed of between 18 and 20 miles per hour. 
^hese trains are worked by an endless steel wire rope kept in con- 
:&iuous motion by stationary engines coupled to grooved drums 
and the necessary accessories. When about to leave a station, all 
that the train driver has to do is to brin^ the cable-grip into action 
with the moving rope, and when arriving at one he has simply 
io disengage it aod apply the brake, as may be seen from the 
accompanying figures. X 

Sae Paper on "Wire Kopea," by A. S. Biggart, PrtxxcdingB of the 
Jnalilnle of Cieil En^ineerB, vol. ci., p. 231, 1889-90. 

tSeo Paper on "The Monte Pcnna Wire Ropeway," by W, P. Churoh- 
irard, Prac. Itul. Civil JCngmeers, vol. Ixiii., p. 273. 

Paper on "Three Systems of Wire Rope Trauapoct," by W. T. H. 
Carriagtaa. Proc. Inst. Civil Engineers, vol. lxv.,p. 299. 

Paper on " Wire Ropo Street Riiilwaya of San I'ranciaco and CWcagO," 
1^ W. Morris, Proc. Inst. Civil Engineers, vol. Issii., p. 210. 

Paper on "The Temple Street Cable Railway, Los Angeloa, California," 
lly F. W. Wood and H. Hawgood. Proc. Inst. Civil Engmeera, vol. evil, 
p. 333. 

Street Sailvmna : Their Conelntctioa, Operation, and Maintenance, by C. 
S. Fanchild (The Street Railway pHbliabing Co., World Bnildings, New 
Tort). 

tTheae two figures, and tbe one of a "Multigcoove Rnpe Drive" for 
«no ropH and gnido pulley, wore kindly provided by the Institution of 
'Civil Engineers with the approval of the Council. 
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The gripper attocliinent is fixed to the end of the shanV, H, 
§-yrhich ia a flat bar of iron 5i incheB widu by g inch thick, worting 




through a longitudinal slot This gripjier. A, conaiati of t** 
pairs of small shei«ves about 3^ inches in diameter, aud placed >^- 



CABLE THAKWAT, 
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Lectbrb XVII.— Qckstioss. 



1. Under what respective circuraBtances would you lue belt, rope, ui 
chain gearing, and state the advantageB and disndvantnges of each ! 

2. Iiixplain huw the best lentber b^ts are laa^e and spliced. 

3. What is meant by "compoimd" belting? For what reasons is it 
lerred to "double" or "treble" belting! 

4. Give a abort deBcription of "chain,"' "Victoria," and "i^omn 
gnttapercha" belling. State theii reBpecUve odvantageB and d 
vantogeB. 

5. The tension on the Black side of a belt is half that on the tiglit tUt 
The limiting tension is 40 lbs. for eauh inch in width of the belt. Ficd the 
breadth of the belt to trangniit 40 home-power front a pulley 3 feet in 
diameter making 100 revolutions per minuto (Adv. Sc. & A. Kiam., ISM). 
^Ins. 70 inches. 

(1. A belt IraoBmita 35 horae-power when raoving at 3,300 teet ptr 
minute. Find the not driving tenBion. If the coefEoient of friotion be 1 



wonldyouuse! Am. 350 IbB.; 67s lbs.; 223 lbs.; irsincbcs. 

7. Explain the conBtructlon of cotton and hemp ropes for driving 
machinery, and give their respective etrengtfaa and adrantagea. 

8. Sketch a section of the rim of a rope pulley for a l>inch rope, mstkia; 
all tbe dimensions. 

9. Wbatig "TelodyoamioTransmiaaionof Power!" How is it spplifd 
for short and long distancea? Give sections and description of tbe n>pe>, 
and of the single and doublo grooved pulleys ased in this system. 

11). Describe the machinery employed in the manufacture of wire r 
and give a detailed account of the proceas of constrncting a wire — , 
With the aid of aketehea, describe how the ends of such a rope are necoM" 
ao that its full strength may be utilised (Sc. & A. Hons. Mach. Cuna. Ejsm., 
1803). (3ee Mr. Smith's paper in the Prae. Mtck. Mg. IMK, «" 

n of tramway lope haubffl. 
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CONITOIS Velocity- Ratio with Belt and Rope TranEniiseioa—ElUDdtL 

— Telocitf -Rjitio ia a Compotud Syitcm of BeitGeaiiiig — l-j^atdple 11. 
— L«Dstb of a Crossed Belt — Eiamples ILL and IV.— Length oF la 
Opeji Belt — EbLample9 V. and Vt.^Frictioiul Be^tance iKtwcent 
Belt or Rope and lU Pnllejr — Frictional Kesistance between aBope^ 
& Grooved Polley— "SUp" or "Creep" of Belts due to Elasticity- 
HoiHe-power TraOBmitted by Belt and Rope Gearing — Examplea VIL 
and VIII.— Influence of Cectrifugal Tension on the Strength of High- 
Speed Belts and Ropes — Example LX. — Questions. 

Velocity-Ratio with Belt aud Kope Transmission. — It is shonii 
in our elementary treatise that when two pulleys of diamewrs. 
Dj, Dj, are connected by a belt or rope, their angular velocity- 
ratios are inversely as their diameters — i.e., if Nj and Nj be 
their respective number of revolutions in a given time, then :— 

Ni : N^ = D^ : D, (It 

This equation is only true on the supposition that there is no 
slipping between the belt or rope and the pulleys ; and also, that 
the thickness of the bolt or rope is so small in comparison with 
the diameters of the pulleys, that it may he neglected. 

Let & = Diameter of the rope or thickness of the belt. 

Then, the working diameter of the pulleys will be I>j -f- S, and 
D5 + a, respectively. Consequently : — 

N, : Ng = Dj. + S : Di + 3 (II) 

Example 1. — Compare the angular velocities of two pullejs 
of diameters 24 and 10 inches respectively when the thickness 
of the belt is | inch. 

(1) Neglecting the thickness of the belt, we get : — 

N, _ Dj _ 24 _ 24 
Hj ~ Dj ~ 16 ~ 1 ■ 

(2) Taking the thickness of the belt into account, we get; — 

Nj _ Dg + a _ 24 -f ^ 195 2-35 

Hj ~ Di + a ~ 10 -I- I ^ 'S3" ~ 1 ■ 

We thus sea that by taking the thickneea of the belt into 

account the velocity-ratio is diminished, and in this example 

in the proportion of 240 to 235, or by 2'1 per cent. 
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Velocity- Ratio in a Compound System of Belt Gearing. — Wiien 
there are a number of pulleys, A, B, 0, D, E, JF, connected 
together by belting, as illustrated by tiie above figure, let D^, Dg, 
Ac, denote tkeir respective diameters, and N^, N^, ic, tlieir 
revolutions per minute. 



Tbei 



I^b' 



N; " Do' 



, Nf. By, 

also -Of- = J-. 



K 



By multiplying together the corresponding members of these 
equations, we get: — 

Nb N,, N^ _ D^ I>c Db 




Vklocitt-Eatio in i Compound System of Belt Geabisq. 
Since the pairs of pulleys, B and C, and I> and E, are fixed to 
their respective shafts, Nb = H^o and Nj, = N^. By cancelling 
these equal values, we get ; — 

N, D. X D. ^< D„ 

.,xd ! ("I) 



Na~ 

, C, and E the drivers and B, D, and F 
the followiag rule ; — 

Product of diameters of all the 
Revolutions of last follower drivers. 



If we call pulleys 
tiie/oUoicers, we obtai 



BevolutionB of first driver 



Or, Speed of first driver 



Product of diameters of all the 
followers 
: product of i!ie diameteta of all 



= Speed of last follower x jn-odnct of flw diameteia of all 
i/ie/o£(oiueia 








Vnam or a Cnosszs Belt. 

ttiftl ft 'IrlvlriK licit whrn oroswtl will serve for any pair of puilejf' 
Mn liiiiK UN l.lif (liNtutirti Imlween the centres of the palle;B u 
iliii ■I11I1C, 1111(1 iJii' NUiii tif'thti (liumeters is constant. 
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Let R, D = Eadius and diameter of pulley, A, 
T, d = Radius and diameter of pulley, B, 
a = Distance, A B, 



99 
99 

„ L = Length of belt, 

„ 2) = Sum of diameters = T> + d, 

J5 



A = Difference of diameters = D — c?. 
Then, L = 2 {arc H D + D F + arc F K}. 

Or, L = 2<'R[^ + (pj + acoscji + r(^ + ^) r 

L == + ^^ (D + ^) + 2acos^. . . . (lY) 

If (D + d) has always the same value, then ^ will also remain 
constant ; and, therefore, L will be a constant length. 
From the figure we see that : — 

. ^ AD, R + r D + d S 

sin (p = -7—77 = =^ — 7 = TT- 

^ AB a 2a 2 a 

T> 4. JL /t ^-^r-i V^ ^'^ " ^'^ 

But, cos </> = V 1 — sin- </) = ^ 



(V) 



'>a 



L = (I +<^)2 + V^a-'-^^ (IV„) 

This is one equation from which the length of a crossed belt 
may be calculated. 

In using equation {TV a) it must be observ^ed, that <^ is expressed 
in circular measure. After obtaining sin <f> from equation (Y), 
the angle <f> can be found in circular measure or in degrees by 
referring to Trigonometrical Tables of Natural Sines. If ^ be 
expressed in degrees, let it be denoted by <^°, then the circular 
measure of <f> is found by multiplying </)° by 0175.* 

Thus, ^ = <^° X 0-0175. 

Example III. — A shaft making 100 revolutions per minute 
carries a driving pulley 2^ feet in diameter and communicates 
motion by means of a belt to a parallel shaft at a distance of 
6 feet, carrying a pulley 1 foot in diameter. Find the speed of 
the belt and an expression for its length when crossed. Find 
also the number of revolutions per minute of the driven shaft, 
allowing a slip of 1 J per cent. (S. & A. Adv. Exam., 1893). 

* How this number ia obtained is explained i\xTt\veY oi\. v[i\}K^\ftRX.NaL^« 
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Answer. — {]) Speed of belt - Circarnfertntial speed of drivii^ 
pulley, 





, „ =3-1416 X 2i X 100 
per minute. 


= 7854 feet 


(2) The length o 
to be:— 


a crossed belt hfis been show 


a in the teiS 


L = 


(|.*)swiy 


-I?. 




From the data, i 


e get :— 2 = D + (f 


= 2'5 + 


1 = 3-5 feet, 


a = 6 feet, and aia i 


= A=S=-»^ 






Referring to n tahle of Natural Sines, w 
sine iH = -2917 to be about 17°. 


e tind the 


angle wbtsa 


Hence, 0= 17 x 


0-0175 = -3975 radiar 


m. 




_ /3-U16 „_A „, 




__ 



i.e., L = 6'54 + 1148 = 1802 feet.* 

(3) If there were no slip, the speed of the driven pulley would 
le:^ 

« = N X -J = 100 >; -i- = 250 revolutions per m 

•The atndont ahould notice that sin ^ and ^ agree to the socond Jooniri 
iigiire, and this is true for ail angles up to ftboiit 21°. The Binaller tho 
angle the more nearly do sin ^ and ^ agree in numerical value, Son. ui 
the examination room, no tables of Natural Sines are allowod, and ths 
atUEient is not espected to calculate •// from the value of its sine. But iB 
engineerioi; problems of this kind it is cousidcred aufSeiently ooeunteW 
take numbers to two or three decimal fignrea ; hence the student nsf 
nasume that— 

^ = ain = -293. 

Then, L= ^^^ + ■292\ a-5 + Vjxe^'-S^sV 

i.e., L = 6-52 + 11-48 = 18 feet. 

This only differs by about 'l per cent, from the correct anawer. The 
error introduced when we take * = sin ia ■'2'Jla - -292 — ■0035, or 
'55 per cent. only. 
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But since there is 1^ per cent, slip the actual speed is only 
98^ per cent, of this. 

98*5 
Hi « yqq X 250 ■= 246*25 revolutions per minute. 

The length of the belt could also be obtained by drawing the 
figure accurately to scale. The student should, therefore, obtain 
an answer in this way to the second part of the above question, 
and compare his results with those which we have just found. 

Example IV. — A shaft, having a stepped speed-cone with 
four steps, revolves at a constant speed of 180 revolutions 
per minute, and is connected, by a crossed belt, to another 
shaft having a similar stepped cone. The diameter of the largest 
step of the cone on the driving shaft is 1 6 inches. The driven 
shaft is required to run at speeds 480, 300, 160, and 90 revolu- 
tions per minute respectively. Determine the diameters of the 
remaining steps of the two cones. 

Answer. — Let D^, Dg, D3, D^ denote the diameters of the four 
steps of the cone on the driving shaft ; D^ being the diameter of 
the largest step. 

Let Sj, c?2> <^3» ^4 denote the diameters of the four steps of the 
cone on the driven shaft ; dj being the diameter of the smallest 
step. 

Then, D^ + c?i = Dg + c?2 = ^3 + ^3 = ^4 + ^4 = ^• 

Let N denote the speed of the driving shaft, and let N^, Ng, 

Ng, N4 denote the four different speeds of the driven shaft, so 

that 

N = 180; Ni = 480; Ng = 300; N3 = 160; N^ = 90. 
We have first to determine d^, and thereby 2. 

Here ^^ = ^ 

di = TgQ X 16 = 6 inches. 
2 = 16 + 6 = 22 inches. 
For steps D^, c?2> ^® 8®* • — 



Hence. D, = 355^ x 22 = 13-75 inches. 
And, i/j = 22 - 13-75 = 8-25 inches. 
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Sinitlarly, 


"-N^ 


Atitl, 


dj = 22 - 


Again, 


■>' = ^ 


And, 


d^ = 22 - 


Heaco. we 


havet- 


Dri 


iSG Cone. 


D, -= 


16 inches. 
13-75 „ 

10-35 „ 



10-35 - 11-65 inches. 



Lei^th of an Open Belt. 

ntl proceeding as before. 



open l>elt connecting any pair of pulleyi 

Here, L = 2 { arc H D + D F + arc F K 



Driven Conk. 
d, = 6 inches. 
(ij = 8-2.'i „ 
(/,, = 11-65 „ 
d, - U-6 

referring to the next figa 
determine the length of * 



L.2{r(5,,),.„,,..(^_,)}. 

h = l(D + d) + p(D - d) + 2acosf>. 

L=,!^S + ?J> + 2([coap ■ (TlJ 




Here 2 and A cannot both be constant quantities for two * 
more pairs of pulleys. Hence, if the sum of the diameters « 
each jiair of pulleys he the same, an o;jeii belt of constant lei^" 



(VII) 
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cannot "be made to work equally tight on the various pairs of 

pulleys. 

"We shall now obtain an approximate and more convenient 
formula, for the length of an open belt than that given by 
equation (Yl). 

Since, in this case, (p is always very small, we may write : — 

9 = sin 9. 

^^^5 sin ® = J =. — - 

^ AB 2a' 

<f> = X — , approximately. 

-^iSQ, cos 9 = V 1 - sin2 (p =— 

Substituting these values of ^ A and cos (p in equation (VI), 

. By the binomial theorem, we can expand the last expression 
^ this equation to any required number of terms. 

The third and following terms on the right-hand side are very 

A2 

small, since -r-—^ is of itself very small. We may, therefore, 
Neglect all terms after the second. 

Thus, (1 - |-^) = 1 - g-^, approximately. 

Hence, L = ^2 + 2a| - , + 1 - ^r-^, I . 

2 (4 a- 8 a^ J 

This is evidently a more convenient expression for the length 
^f an open belt than equation (VI). 
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In tlie case of a crossed belt it has been shown that the belt 
will work equally tight and well on any pair of pulleys on ths 
same shafts so long as the sum of the diameters of the two pulleys 
ia constant. Thus, if a crossed belt be used for connecting two 
stepped speed cones, the sum of the diameters of altemaW 
pulleys must be constant. If, however, an open belt be ueed 
the sum of the diameters of each pair of working pulleys will not 
be conatant. Consider two pairs of pulleys on t' ' 

Let D„ rf, = Diameters of first pair. 
„ Dj, rfj = Diameters of second pair. 
„ 2, = D^ + d-,; 2j= Da + d^, 

„ Aj = D, - d,; A, = Dj - d^. 

Then, since the length of the belt ta constantj we get :- 




Stetfed Cokes. 



This formula gives us the sura of the 
diameters of the second pair of pulleys m 
terms of the sum and difference of the 
diameters of the lirst pair. The difference, 
i.„ of the diameters of the second pair of 
pulleys also enters into this equation, anil 
this must be fonnd before S., can he ob- 
tained. 

Let A B be the main shaft running con- 
stantly at !N revolutions per minute. I^' 
Ni, N, be the speeds of the shaft CD 
when the belt is on the pulleys 1 and j 
respectively. 

H^ow, calculate A, on the assumption 
that the belt ia crossed. This is not ex- 
actly, but very approximately, corted- 
Hence, neglectiog the thickness of the 
belt, we get : — , 



N„ 



D, 



N, + N ' 



(TXl 
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But, since we are to assume that the belt is crossed in this 
calculation, we must have Sg = S^. 

N - N 
^2 = ]^^ + jq- ^i> approximately. . • . . (IXa) 

Substituting this approximate value for Ag in equation (VIII), 
we get 22- Haying now calculated Sg, we can easily find Dg 
ind fl?2« I'hus : — 



£^2 ■" N ^ • • D2 + C^2 ^2 + N' 

^2 = N^22, andflr2^.N7^rN^^- • * (^) 

In the very same way, the diameters of all the other pairs of 
pulleys in the stepped cone can be found. 

• Hence, the following practical rule for designing a set of 
stepped speed-cones, worked by an open belt : — 

Let N = Constant speed of driving or main 
shaft, A B. 
Nj, Ng, N3, &c., = Required speeds of driven shaft, C D. 

(a) Fix on convenient diameters D^ c^j to give the required 
velocity-ratio with any one pair of pulleys. This will give Sj 
and A^. 

(6) Next calculate Ag, A3, &c., for the other pulleys on tlie 
assumption that the belt is crossed ; or by formula (IXa). 

(c) Insert these values successively in equation (VIII), from 
which Sg, 2g, &c., can be, found. 

(d) The diameters can then be found from equations (X). 

Example V. — The centres of two pulleys, 4 and 2 feet in 
diameter respectively, are 8 feefc apart. The pulleys are con- 
nected by an open belt ; find its length. 

Answer. — Here S = 6 feet ; A = 2 feet ; a = 8 feet. 
From equation (Via) we get : — 

3-1416 ^ ^ „ f , 4 ) ^ , 

„ = — ^ — x6 + 2x8|l-^ 3 ^ Q^ > feet. 



» 



= 9-4248 + 16-125 = 25-55 feet. 



Example VI. — If the speed '^ones in Example IV. are con- 
nected by means of an open belt instead of a crossed o\ie^ ^3mL 
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tfae dutance between the cenUts of the tvo shafts is 8 feel, 
<let<>ruine the diameters of the varioai eteps. 

Akbwcr. — Using the same Dot^tioQ asm Example TV., ve get, 
tts before, J), .= 16 iDchea; i/, = 6 inches; a — & x 12=ii 
iocheg ; Zj = 32 inches ; and A,^ = 10 inches. 

(1) ToJindX)^ andd^ 

First, calculate D;, and d^ on the ossamption that the Itelt: 
«roued. 

From Example IV, we get : — 

J>K =s 13-75 inches, imd d^ - 8-25 inches. 

Hence; as a first approximation, we may write : — 
S; = 22 inchea, and A^ = 5-5 inches. 

Next, recalculate Sa from equation (VIII) in the text, ra.'r- 

5;= 2i + ^^=-^= 22 +i5!^-^:5L= 22-1155 incha 



Substituting this new value of S,, in equation (X), we get > 

D. = — '^^— 2„ = ■^— X 221155 = 13-822 IndiM. 

rfj - 221155 - 13-822 = 8-293 inches. 

These are the diameterB of the second step as obtained fot 
one correction. If a closer approximation be requited, then *^ 
mnat again recalculate 2^ from the results just obtaineo- 
Thus:— 

A. = 13822 - 8-293 = 5-529 inches. 

"" 3xyx96 

Substituting tliis new value for 2) in ei^uation (X), we get: — 

°^ = 30r?Vo''22-lU8= 13-8217 iEches. 

.-. d, = 22-1148 - 13-8217 = 8-2931 inches. 

wMch are the values of D^ and d., corrected twice. 

It wUl be at once seen that these last values differ very 
slightly from those obtained by one correction. Hence, it *" 
be sufficiently accurate to mitke one correction only. 
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(2) To find Dg and, d^ 

As before, calculate Dg and d^ on the assumption that the 
belt is crossed. From Example tV., we get : — 

Dg = 10*35 inches, and d^ = 11 '65 inches. 
23= 22 inches, and A3 = 1-3 inches. 

Next recalculate Sg from equation (VIII). 

••. 23 = 2i + o = 22 + ^^ =22-163 inches. 

^^^ 2x??x96 

Substituting this value in equation (X), we get : — 

Dg = „-^« 2, = .^}^^.r,r, X 22-163 = 1043 inches. 

^ Ng + N ^ 160 + 180 

/.rfg = 22-163- 10-43 = 11-733 inches. 

(3) In a similar way, we get : — 

D4 = 7-359 inches. 
And, d^ = 14-718 inches. 

Hence, for an open belt we get the following sizes for the 
steps of the cones : — 



Driving Gone. 

D. = 16 inches. 
D2 - 13-822 „ 
Dg = 10-43 „ 
D^ = 7-359 „ 



Driven Oone. 

c?i = 6 inches. 

c?2 = 8-293 „ 

d^ = 11-733 „ 

d^ = 14-718 „ 



Frictional Resistance between a Belt or Rope and its Pulley. — 
In Lecture VII., we deduced a formula for the ratio of the 
tensions of the two parts of a belt or rope when stretched round 
^ pulley or post, viz. : — 

T 

Where T^j = Tension on driving or tight side of belt or rope. 

„• 'T/ ='T^tisfonon driven or slack side of belt or rope. 

„ (h =i Coefficient of friction between the belt or rope 
and the pulley. 

„ d =■ Circular measure of angle subtended at the centre 
of the pulley by the belt or rope. 



1 
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The following valnea of fi. have been obtained by esperirneat;— 

For leat/i^ belts on ironpvMeys, M = 03 to 0-4. 

For hemp oT cotton ropes on iron i f- = O'Zo (puUei/a dry), 
pulleys, (. /* = 0'15 {pulleys greasei)- 

For tcire ropes on iron pulleys, fi. = 015. 

For wire ropes on iron pulleys, I 

tlie grooves being lined viitlt > [i = 0'25. 
leather or gultapercha, ) 

Slipping of a belt generally occurs at the smaller pulley, the 
angle of contact, i, being emaller on this pulley than on tht 
larger one. Hence, in calculations relating to the slipping of a 
belt it is usnal to consider the small pulley only. The arer^ 
length of arc embraced by the belt on the small pulley maylw 
takenat^'gOf the whole circumference— i.e., tf = '4 x S'T— 3ol33 
radians. If, then, we take /* = 0-3, we can easily find the ratio 
between Ta and T, in the case of a leather belt. 

Thus, log, ^- = 0-3 X 2-5133. 

Or, changing this into common logarithms, by multiplying 
by 0-4343, we -get:— 

Log ~ = 0-3 X 2-5133 x 0-4343 = -32-457 
„ „ = log 2-125, nearly. 
Ta = 2 T, approximately. 

If the angle of contact between the belt and the pulley be 

espressed in degrees, then the equation requires to be modified. 

Let 6" = angle of contact expressed in degrees. Then, we 

know that : — 

S Circular measure of two right angh 

T ^ Number of degrees in two right angles ^ 180" 

... ..=™.r.o.oi«,. 

Substituting this value for 6, we get : — 

log,?'? = 0-0175 /*d° (XI) 

iging into common logarithms, by multiplying by 



0-43i3, ' 



l-^ = 0-.1313 >: 0-0175^d' = 0-007B/*il'. . (XU] 
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Greatest Value of the Ratio op Tensions on Tight and Slack 

Sides op Belting.* 



Angle embraced by Belt. 


Batio of Tensions = ^ - 


In Degrees. 


In Circular 
Measure. 


In Fraction 
of Circum- 
ference. 


A* =0-2. 


A* =0-3. 


M=0-4. 


fib = 0*6. 


f. 


8. 


^1360^=8/2'. 










30 


•624 


•083 


1-110 


1-170 


1-233 


1-299 


45 


•785 


•125 . 


1-170 


1-266 


1-369 


1-481 


60 


1047 


•167 


1-233 


1-369 


1-521 


1-689 


75 


1-309 


•208 


1-299 


1-481 


1-689 


1-924 


90 


1-571 


-250 


1-369 


1-602 


1-874 


2-193 


105 


1-833 


•319 


1-443 


1-733 


2-082 


2-600 


120 


2-094 


•334 


1-521 


1-875 


2-312 


2-851 


135 


2-366 


•375 


1-602 


2-027 


2-565 


3-247 


160 


2-618 


•417 


1-689 


2-194 


2-849 


3-702 


165 


2-880 


•458 


1-778 


2 372 


3-163 


4-219 


180 


3-142 


•500 


1-875 


2-566 


3-514 


4-808 


195 


3-403 


•541 


1-975 


2-776 


3-901 


6-483 


210 


3-665 


•583 


2-082 


3003 


4-333 


6-252 


240 


4-188 


•666 


2-311 


3-614 


5-340 


8-119 


270 


4-712 


•760 


2-666 


4-112 


6-689 


10-650 


300 


6-236 


•833 


2-849 


4-808 


8-117 


13-700 



Frictional Resistance between a Rope and a Grooved Pulley. — 
In rope transmission the pulleys over which the rope passes are 
provided with grooves, and we saw in our last Lecture that for 
iemp or cotton ropes the grooves are so constructed that the 
ropes get wedged into them and bear on their sides. This, as 
ve have seen, is the method adopted in order to increase the 
resistance to slipping. In Lecture VIL we found that the ratio 
between T^ and T^ in this case is given by the equation : — 



d 



a 



Where /m = Coefficient of friction between rope and sides of 

groove. 
„ a = Angle which sides of groove make with each other. 
„ & — Angle embraced by rope on pulley. 

Comparing this equation with that for flat pulleys we see that 

the logarithm of the ratio of the tensions is increased in this case 

a 
ii the proportion : — cosec « : 1. 

* From Unwin's Machine Design^ part I., p, Sll, 
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Generally the grooTeoDgle, a, is about 45°, and then we get:— 
coaec 22r = 2'6. 



k 



Or, converting into common logarithms, we get : — 



Logs 



= 04343 X 2-6 /i 6 = 1-13 /i 6. 



"We have already stated that ^ = 0-15 to 0'35 for hemp or 
cotton rcjpes, the smaller value heing taken when the pulley 
are greased. SubatitutLng these values in the last equation! ^ 





Log ^ - 017 1 (pnUejB giea<6d). 


A1.0, 


Log ^ = 0-39 B (puUeys dl7). 


Iffor,>co 


sec ,-, we write .u^ t!ie equation becomes ; — 




10S.^'.„(. (ffl) 


Hi.re ft c 


n be looked upon M tlie coefficient of friction for 



grooved pulleys.. 

Converting into common logarithms, by multiplying by O'w**! 
and substituting S° for 6, equation {XII) becomes : — 

Log^ = 04343 X 0-0175/tjfl=' = 0-0076 /i^ S°. . . . (XH.) 

TaLCES op /ij CoaREBPONDINO TO DlFFEBEKT VaLUKS OF fi ABB ■■ 









































a. 




» = 0-2 




^=0-16. 


,.= 0-30. 




30 


■58 






■97 


1-16 


1S5 


35 


■SO 


■66 






roo 




40 


■M 


■58 










45 


■39 


■52 




■C5 


78 
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Gheatest Value of thb Ratio op Tensions on Tight and Slack 
Sides op a Rope Working in Grooved Pulleys. 



Angle Embraced by Rope. 


T 
Ratio of Tensions = -=r • 


In De- 
grees. 


In 

Circular 

Measure. 


In Frac- 
tion of 
Circum- 
ference. 


f*i = 0'4. 


fH = 0-5. 


A*i = 0^6. 


A*i = 0-7. 


/t*i = 0-8. 


/t*ii=0-9. 


fl». 


e. 


360° - 2«- 














60 


1047' 


•167 


152 


1^69 


1-87 


2-08 


2^31 


2 57 


90 


1^671 


•250 


1-87 


2^19 


2-57 


3^00 


351 


4-11 


120 


2-094 


•334 


2-31 


2-85 


3-51 


4-33 


5-34 


669 


150 


2-618 


•417 


2^85 


3^70 


4-81 


6-25 


8^12 


10-55 


180 


3 142 


•500 


3-51 


4-81 


6^59 


902 


12-35 


16-90 


210 


3 665 


•583 


4 33 


6-25 


9 02 


13-01 


18-77 


27^08 


240 


4^188 


•666 


5-34 


8-12 


12-35 


18^77 


28-53 


43^38 



** Slip " or " Creep " of Belts due to Elasticity.— Although there 
may be no actual slipping as a whole between a belt and its 
pulleys, yet the unequal stretching of the two parts of the belt, 
due to the unequal tensions, T^ and Tg, causes a difference in 
angular velocity-ratio, which becomes very serious when this 
requires to be kept uniform 

lb will be seen in a subsequent Lecture that any elastic 
material subjected to tension becomes elongated, and that the 
elongation depends directly on the stretching force. Hence, the 
belt wiU be stretched to a greater extent on the driving side than 
on the slack side. ' 

Let I = Length of belt which would leave either pulley in 

unit time, if the belt were unstretchable or inelastic. 

„ Id = Length of belt running on to driving pulley in unit 

time. 

Ig = Length of belt running on to driven pulley in unit 

time. 
e = Elongation produced by a tension of 1 lb. on a length? 
of 1 foot of belting. 

Then, la ^ I -h eTal = {I + eTa) L 

Similarly, Ig = {I + e T,) L 

Since we have supposed that there is no actual slipping 
between the belt and pulley as a whole, it is clear that the, 



» 



99 
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length of belting coming on to a pulley in unit time will ba 
equal to the length of the arc described by a point on the 
circumference of the pulley in the same time. In other words^ 
the length of bolting coming on to the pulley in unit time, ia 
equal to the circumferential speed of pulley. Hence, for ths 
dnving pulley, tDN - la; and for the driven pulley, ':cdn=li 



^ 



a 4 



■,r,)i 



D N li (i + e Td» I ' 



<iim-. <™i 



If we knew the value of e in all casea, and then ealcuJaMii 
r^ and Tj by the previous formulte, we might obtain the actual 



velocity- ratio for such & 
it appears that : — 

^ * ^'^' = 09757; 
1 + fl Td -^ 

Taking these results, v 

^ = 0-975 X 

And, « = 0'fl78 X 



From experiments by M. %teO, 



1, and = 0-978 Jhr old, hatheryH- 



J for oil leather bells. 



. (xm.) 



It therefore appears that the velocity of the driven pulley is 
about 2 per cent, less than it would be if the belt were inelaitic. 
This loB3 of velocity is termed the " slip," or " creep," dne to 
elasticity. Consequently, when motion has to be transmitted 
through several belts, this loss becomes serious, and renders belt 
gearing unsuitable for ejtact velocity-riitios. 

Eorae Power transmitted by Belt and Rope Gearing When 

one pulley, A, drives another pulley, B, by means of a belt or 
rope, there is necessarily a difference in tension in the two parts 
of the belt or rope. First of all, there is a resistance to motion 
offered by the follower, B. Hence, when the driver, A, is made 
to rotate, the friction between the belt or ro]ie and the pulleys 
prevents slipping, with the result tlmt the tension in that part 
of the belt or rope going on to the driver increases, while the 
tension in the other part deereaees. This increase of tension 
in the driving side, and the decrease in the slack side, will go 1 
on until the resultant moment of the tensions in the two parts 
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af the belt or rope acting on the follower overcomes the resisting 
couple acting on that pulley* When this takes place : — 

: Tension in driving side of belt or rope. 

: Tension in slack side of belt or rope. 

: Moment of couple resisting rotation of follower, 

: Velocity of belt or rope in feet per minute. 

■■ Diameter of driver in feet. 

: Diameter of follower in feet. 

■ Speed of driver in revolutions per minute. 
: Speed of follower in revolutions per minute. 

■ Hopse-power transmitted. 



Let 


T,, 


» 


T, 


» 


M 


» 


Y 


99 


D 


3> 


d 


99 


N 


99 


n 


„ H.P. 




Then, 



Power Tbansmitted by a Belt or Rope. 



d 



M = (T,-T,)2. 



.•. Work transmitted iTvyro /rnrnx j 

permmute | = M x 2^» = (T^ - T. ) x ':rdn. 



• • 



H.P. = 



But, 



« • 



33,000 
Y = ^DN = ^dn, 

33,000 33,000 



. . (XIY) 



Where P = T^ - T^, and is called the driving force or tension. 

33,000 H.P. 



« • 



P = 
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iveruge tension; oi 



tension in boOi pun 



Let T -. Initial or : 
of belt when at rest. 

The average tension during motion must be the same aa the 
tenaion before motion commenced, aince the lengtheninjr of the 
belt on tfae (frivinj; side must be equal to tlie shortening of the 
belt on the slock side. 



T = 



Td4 



This must be the tension with which the belt should bs 
ioitialiy stretched over the pulleys. 

If, for these reasons, we suppose Td = 2 T,, we get tlis 
following praotical rules for belt gearing : — 






Drivinij Terimon 


- P 


33,000 H.P 
V 


Greatest Tension 


= Td 


= 2P. 




Initial Tension 


= T 


= 1JP 




lirmdth of Bell 


= & 




2P 



Where, / is the sitfo working tension per inch of width 
breadth ^. 

TliG following table gives the safe working tension, f, in It^* 
per inch of widtli for leather belts, when the safe stress in It^*" 
per square inch cross sectional area is known ; — 



Woi 



o Tension op Lkatiiek Belts. 



ThlclmBuofBelt 


Snfe working tension,/, in lbs. per inch nt width whm Ouu(» 
Btrcu lu lbs. per aqimre inch ot croM seclLoual am ii ^ 


2fiO 


300 


3M ■- 


t 


47 
65 
62 
78 


66 
66 

75 


66 

77 
87 
lOS 



In the case of hemp or cotton rope gearing, the tension Tj tf**? 
be taken at 140 lbs. per square inch of yross sectional amff P 
about j'g of the working strength of the rope. 
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The foUowii^ table gives the vorkiug strength and driying 
Ibrce for hemp or cotton ropes: — 

WoRKiNa Stbbngtb, to., fob Dbiviso Rons. 



JMametdOlRope 


'^"^iT' 


^""^lET^ 


DrtvingForco 




=■ 7 




= P 


1 


34 


842 


76 


lA 




1,548 


140 


H 


*J 


1,940 


178 


m 


6t 


2,602 


236 


2A 


6* 


3,633 


330 



Taking the greatest stress in a hemp or cotton rope at 140 
Ibe. per square inch gross sectional area, and assuming that 
Td = 4 T,, BO that the driving tension P = Tj - T, is 105 lbs. 
per square inch gross sectional area, ire get the following table 
showing the horse-power transmitted by a single rope for given 

HoBSE-Powsn Tbaksuittbd bt a SnTdLi Ropi at Hioh Spxeds. 



D1»n,.ter 


in£S,M 










din 


toiS 






Feet per Miaut 








> 


' 


3,000 


3,500 


4,000 


4,G00 


6.000 


5.500 


0,000 




3-14 


,« 




10-00 


11-25 


12-50 




15-00 




3-53 


9'48 




12-66 


14-24 


15-82 


17 -40 






3-03 


11 72 


13-67 


ih-m 


17-58 


1953 


21-48 


23-44 




4-32 


1418 


16-54 


18-91 












4-71 


16-87 


19-69 


22-50 




2S-12 


30-94 


33-75 




6-10 


19-80 


23 il 


26-41 


29-71 


.13-01 


36-31 


39-61 




5-50 


22-97 


26-80 


30-62 


34-45 




42-11 


45-94 




5-89 


26 37 


30-76 


3515 


3955 


43-95 


48 -.S4 


62-73 


2 


0-2H 


30-00 


35-00 


40-00 


45 00 


00-00 


55-00 


60-00 



The following table of particulars regarding ]K>wer trans- 
mitted, &c, by wire ropes, as calculated by Roebling, is given 
in Unwin's Machine Design, Part I,, p. 43i. The ropes have 
each 42 wires. 

• From Low &. Bevis'e MacKinR flraiomg aiid Desigi^j-^, VftV, 
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PowxR Traksmittkd bt Wibs Ropks. 




Diameter of 
Hope in 
liiches. 


Diameter of 

Pnlley 

in Feet. 


Number of 

Beyolutiona 

of Pulley per 

Minute. 


Velocity 

of Belt in 

Peetper 

Second. 


Breaking 
Strength of 
Hope in 11m. 


HorBe>power 
Transmitted. 




5 
6 

7 


100 
100 
100 


26 
31 
36 


4,260 
5,660 
8,200 


8-6 
13*4 
211 



Example VII. — The belt pulley of an engine is 6 feet in 
diameter, and the engine makes 80 revolutions per minute. 
What width of belt would be required to transmit 30 H.F. 
from the pulley, supposing the belt to be 4 of an inch in thick- 
ness, and the tension on the slack side to be -^^ of that on the 
tight side of the belt ) The stress in the belt is not to exceed 
300 lbs. per square inch of section. (S. <fe A. Adv. Exam., 1892.) 

ANSW£R.^Here D = 6 ft.; N = 80 ; H.P. = 30, 
Thickness of belt = d s= | inch. 
Greatest stress allowed ^ / <= 300 lbs. per sq. inch. 

Let /3 = required width of bolt in inches. 

Then, Total stress on )__rp — AXf 
driving side of belt J "" d — P Jy 

„ „ = /3 X f X 300 = 112-5 13 lbs. 

Again, T, = y*^Td = 45 /3 lbs. 

Driving force = P = T^ - T, = G7-5 /3 lbs. 

P X -tDN 



• • 






H.P. = 



33,000 



Or, 



• • 



30 = 



^ = 



67-5/3 X 



22 



80 



33,000 
33,000 X 30 X 7 



67-5 X 22 X 6 X 80 



= 9-72 ins. 



Example VIII. — Two pulleys on parallel shafts 10 feet apart, 
and having diameters of 6 feet and 1 foot respectively, are 
connected by an open belt 8 inches broad. The larger pulley 
makes 120 revolutions per minute. Find the greatest power 
wljich can be transmitted, when the maximum stress in the belt 
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has not to exceed 80 lbs. per inch of width, and taking the 
coefficient of friction between belt and pulleys at 0*4. 

Answer. — The first thing to be determined here is the ifatio of 
the tensions in the two parts of the belt. This is obtained from 
the equation : — 

Log ^ = -4343 tj. 6. 

Where, 6 is the circular measure of the angle subtended at the 
centre of the smaller pulley by the part of the belt in contact 
with that pulley. 

To obtain this angle we must first find tlie angle, <^, used in 
equations (VI) and (VII) in this Lecture, for finding the length 
of an open belt. Referring to these equations and the figure 
at that part of the text, we clearly see that : — 

& = ISC'* - 2 <^° = (-T - 2 ^) radians. 
From equation (VII), 

<^ = sin ^ (approx.) = —^ = ^ J" 10 ^ "^^^ 






& = 3-1416 - 2 X -25 = 2-64 radians, approx. 
Hence, Logp^^ = -4343 x -4 x 2-64 = -458621. 

Referring to a table of common logarithms, we find that : — 

458621 = Log 2-87, 



1^ = 2-87. 



Since, from the question, the greatest stress in the belt must 
not exceed 80 lbs. per inch of width, and the width is 8 inches, 
we get : — 

Td = 8 X 80 = 640 lbs. 

640 

'2-87 



T, = cT^ = 223 lbs. 



P = Td - T, = 417 lbs. 

22 
And, V=^DN =-=r-x6x 120 ft. per minute. 

p^ 417 X :^ X 6 x 120 
••• ^'^^ = -33:000 SpOO =286 nearly. 
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This is the greatest power which can be transmitted. If tht 
power to be transmit teil be greater than this, then slipping vill 
take place between the belt and the smaller pulley. 

Inflneace of Centrifiig&l Tension on the Strength of High-Speed 
Belts and Bopea. — When belts or ropes are run at higli speeds 
the tensions in the two parts of the belt or rope between the 
pulleys are greater than that calculated from tlie horse-powef 
transmitted. This incre.ise of tension is due to the centrifagal 
force set np in those parts of the belt which are in contact wilt 
the pulleys. In addition to this increase in tension the centri- 
fugal action has also the effect of diminisbing the normal pressure 
between the belt and the puUeys, and, therefore, of diminishing 
the resistance to slipping. 

Let w = Weight of belt or rope, in /6s. per linear fxA, 
„ V = Telocity of belt or rope, in. feet per second. 

„ r = Eadius of the pulley ia/eel. 

„ Trf^ T, = Tensions in driving and slack sides of belt or rope 

as calculated frora poicer frangmitfed. 
„ Td, TJ = Tensions in driving and slack sides of belt or rop« 
corrected Jbr centrifugal actioti. 

For simplicity, suppose the belt embraces half the circuiufef" 
ence of the pulley considered. 



Then, Centrifugal force of belt pei 




linear foot - 
In the 



let. at 



represent a part of' the 
belt 1 foot in length. Let 
m n be the projection of 
o i on the diameter A B, 
It will be shown in a sub- 
sequent Lecture, that the 
horizontal coiuponent of 
the centrifugal force oi ' ' 
part, ah, of the belt is; 



Hence, for the whole arc of contact, A C B, we get :- 
Total liorizontal component \ wv^ a r _ -^ 
of cenlrifkffal force i ^^ ^ 
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One-half of this centrifugal tension is felt at A, and the other 
half at B. Therefore, the actual tensions in the two parts of the 
belt are :— 

Tl = T. + — 

From these equations it will be seen : — 

(1) That the diameters of the pulleys have nothing to do with 
the results, and 

(2) That the driving force or tension, P = Ti - T] = T^ - T, 
and is, therefore, the same as before. 

If the speed be great, the above value for T^ must be taken 
when calculating the size of a belt or rope to transmit a given 
power. 

The values of w may be calculated from the following iip- 
proximate formulae ; — 

Let fi = Breadth of leather belt in inches, 
„ d = Diameter of rope, or thickness of belt in incites. 
„ 7 = Girth of rope in inches. 

Then, w = 0*43 /3 5 Ihs.y nearly, for leather belts. 

w = 0-281 32 „ ) , , 

w = 0-0285 72 ][ f » »^ ^^P ^ ^^^^^^ ^^^^*- 

to = 0*3376 52 „ 1 „ wet or tarred Iiemp or cotton 
w = 0342 72 ,, J ropes, 

w = 1*34:132 „ „ wire ropes. 

Example IX. — Determine the horse-power which may be trans- 
mitted by a leather belt, 5 inches wide and J inch thick, running 
at a speed of 50 feet per second, the tension in the loose side 
being -f'^ of that on the tight side of the belt, and the stress 
allowed being 275 lbs. per square inch (S. & A. Hons. Mach. 
Const. Exam., 1886). Again, taking the weight of a cubic foot 
of the leather at 60 lbs., determine the effects due to centrifugal 
action. 

Answer. — Here, Y = 3,000 ft. per minute; /3 = 5 inches; 
3 = J inch ; / = 275 lbs. per square inch ; T, = ^ Td. 
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(1) Xeglecting centrifugal action. 

P == Td - T, = G Trf. 
But, Tj = 3 o/ = 5 X J X 275 = 34375 lbs. 
Hence, P = -6 x 343*75 = 206*25 lbs. 

. H J - ^^- - ^Qg'25 - 3,000 ^ 

(2) Taking centrifugal cu^tion into account. 

Let W = Weight of a cti&ic foot of leather in lbs. 
„ ti7 = Weight of a linear „ „ 

„ A = Cross sectional area of belt in square inches. 

Then, clearly, lo : W = A : 144. 

WA 



• 



to = 



- - 144 • 

Substituting the values given in the question, we get : — 

60 X 5 X i 
w = j^^^ — S = -521 lbs. 

Substituting this in equation (XY), in the text, and obsenring 
that t? = 50 ft. per second, we get : — 

Increase of tension due ) ^ ^'^ ^ -521 x 50 x 50 ^^^^^^ 
to centrifugal force ) 9 3:i ~ 

But the maximum tension allowed in the belt is 343*75 lbs., 
hence : — 

Maximum effective tension = 343*75 - 40*7 = 303 lbs. nearly. 

P = *6 x 303 = 181*8 lbs. 

HP - ^^ - 181*8 X 3,000 __ 
"••^- "" 33,000 ■■ 33,000 "" 

This example shows that the power is reduced by about 12 per 
cent, when centrifugal action is taken into account. 
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Find an ezpresaion for the lengtli of a, crosstd belt, snd sbow tbnt tbe 
Ifcine driving bolt will serve for any pair of pulleys, so long ea the belt is 
roBsed aiid the distance apart ot their ceotrea and the sum of their 
iameters reniHiiis constoiit. 

2, The centrca of two pulleys, 4 and 2} feet in diameter reapeetively, 
re 12 feet apart. Find length of crossed belt required. Ana. 35'1 feet. 
3- A crossed belt is enjiiloyed to connect two equal coned drums, having 
leir njcea parallel, and their vertices lymg in opposite directions. Prove 
that tbe belt wiU be equally tight in all positions when shifted along the 
~~ti]es. Would the same be true if the belt were not crossed T 

4. By aid of a (p-aphicai conslrurlion determine the length of a crossed 
belt required to embrace either of two pairs of pulleys which aro mounted 
on parallel shafts 3 feet 6 inches apart. Tbe smaller |)iilley on each shaft 
''~ 8 inches diameter, and the velocity-ratio at tbe higher speed is required 
be four times that at the lower speed. (S. & A. Adv, Uach. Const, 



Bsai 



2.} Am 



10-4 feet. 



6. The diameters of the pulleys of a stepped speed-cone for a machine 
&re 13^, 11^, 9i, and T4 inches respectively, and the diameter of the 
■malleHt pulley of the stepped driver is 8^ inches. The connection being 
made by means of a crossed belt, what should be the diameters of tbe other 
pnlleys of the stepped driver! If the driving shaft makes 120 revolutions 
'VBT minute, find tlie revolutions per minute of the machine policy for all 
K~>sitions of the belt. (S. t A. Adv. Macb. Const. Exam., 1885.) Aug. 
.) lOj, 12J, and 14} inches; (S) TS-5. 109'^, I57'9, and 232. 

6. A ahaft having a stepped speed-cone, with four steps, revolves at <l 
«nDEtant speed of 150 revolutions per minute, and is connected by means. 
nl a crossed belt to another shaft having a similar stepped cone. The 
diameter of the largest step of the cone on the driving shaft is 13j inches, 
^s driven shaft is required to run at speeds 250, 200, 120, and 60 revolu- 

Determice the diameters of all the remaining steps of 
id tbe length of belt required, the distance between the- 
two shafts being S feet. Ann. (1) D^ - 12 inches, D^ - 9333 inches, 
I>4 = 6 inches; rf) = VSTS inches, tlt-9 inches, ds = U-667 inches, 
4t =15 inches; (2) IS '94 feet. 

7. Find an expression for the length of an open belt. The centres of two 
" " ' ' ' ' " ' t apart. Find 



Jid 23 f 



and 2 feet 3 inches 
n ted by an open 
I f belt required. 

s to be worked by 



E'.leys, S and 2? feet in diamete p t' ly 
gth of open belt required. An 42 'G f t 
' 8. Two pulleys, whose diamete a a e 4 feet 8 in 
xmpectively, their centres being 10 f et apa t a e 
llelt, determine, by a graphical nst u t oii the 1 
' aa. 31 feet. 
9. Explain how you would de gn a t f speed 
. Open belt, the angular velocitj t b mg g e j u 
. 10. A countershaft revolves at a tant p d f .^.jO evolutions per 

jBiinnte, and carries a stepped apced-conc with four stepB, and drives a 
.■imilar cone on another shaft by ineana of an open belt. The driven shaft 
b required to rnn at speeds 620, 300, 245, and 160 revolutions per minute 
Jespectively. Given tbe diameter of the largest step on tbe driving cone 
SS inches, and the distance between the shafts H4 feet ; find tlie remaining 
dies of the steps on both cones. Am. Dj = 17-87 inches; Db = 16-22 inches! 
D^ = 13-70 inches; di = lO'SS inches; i/j^ 14*90 inches; djs 16-56 inches; 
ttt = 19'04 inches. 
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11. Deduce a fiirmula for tlie greatest ratio of the 
parta of a belt stretcbeil over ft pulley whou alipplDg is just about to l«k4 
place. Tku pulleyii, whose diiuncters are 5j and 2 feet reapectively, ui 
J5 feet apart. Kind the niaximum ratio of tensions in tight and slack aidei 
of belt (1) whan the belt is croseed, (2) when Iha belt ia open, given n=0'3. 
An*. (1) 3:1; (2| 2-38: 1. 

12. Dedaoe a formula for the greatest ratio of the t«iisioiu in the two . 
parts of a rope Btretcbed over a grooved palley , the rope being wedged into 
the grooves slipping being just about to occur. Find the greatest ratio of. 
the toDsions in the tvo i>arts of a cotton rope running over grooved iniUsfi, 
the arc of contact on the smaller pulley being ri "f the whole circumfereno^ 
auRle of groove 40*, coefficient of frictioo. r> ^^O'SS. Ane. 6'77:]. 

13. Explain the following paradox in conoeotion vith belt gearing:— 
For every toot of belt length that goes on to the driving pulley, less than 
a foot oomes ol) and goel on to the driven pulley. Would the Btatement 
still be true if we substituted unit weight of bolt instead of unit length of 
beltr If not, why ni.t! 

14. Explain how the formnla for obtaining Chn power transmitted by a 
stretched belt runniuE over pulleys ia arrived at. VViiBt horse-power may 
Im transmitted by a belt 10 inches iiviile, and ^ inch thick, running at ■ 
speed of 42 feet per second ; the tansiou on the slack side of the belt being 
O'i of that on the driving side ! The stress allowed is 3U0 Iba per squan 
inch of belt section. .4hk. (J8'72 H. P. 

15. A belt is required to transiiiit 4 horse-power from a shaft mnningat 
120 rovolutioos to oue at IGO revolutions per minute. Find the atreisea ia 
the belt, the smuU pulley beiiig'2 feet in diameter, and the ratjo of tha 
tensions on the belt ^ing as 7 is to 4. Find also the width of lielt that 
would 1» required in the above cane, if the stress is taken at 100 lbs, per 
inch of width. Arvi. 306-2S lbs. ; 175 lbs. 



IG. A pulley, 3 feet G inches in diameter, and making 1 50 revolntioni per 
Tiinnte, drives by means of a belt a machine which absorbs 7 horse-power. 
What inust l>e tlia width of the belt so (hat its greatest tension shall be ' 



lbs. per inch of width, it being assumed that the tension in the driving »dl 
is twice that in the alack sidH! Take t = 3f. (3. & A. Exam., IB91.) 
,^JM. 4 inehes. 

17. Xn the modem system of transmitting power through long distances 
by a slender wire rope movinj^ at a high velocity, the following example 
occurs : — The pulley which drives the rope is 15 feet in diameter, mabing 
100 revolutions per minute, and the energy to be transmitted is meaauied 
by 250 horse-power. Find the tenaion of the wire rope, which in this case 
ia 3 inch in diameter. Ana. 1,750 Iba., or 3,960 Iba. per square inch nearly. 

IS. A leather belt is required to transmit 2 H. P. from a shaft runuiugat 
80 revolutions per minute to a shaft running at IGU. Find the stres&ea is 
the belt, assuming that the smaller pulley is 12 inches to diameter, snd 
that the ratio of the tensions in the tight and slock sides of tho belt is 
2^: I. Hence, Gnd the width of belt, taking the working stress st 
100 lbs. per inch of width. (S. £ A. Uons. Mach. Const. Exam., ISSIl) 
Aat. 23B-31bs.; 105 tha.; 2 -.IG inches. 

19. Soppose the friction of two pnlleys is such that the ratio of the 
tensions in the tight and slack sides of tlie belt is 1 75. Also, suppose Uia 
greatest safe working tension to be 120 lbs. per inch width of bel^ Fuid 
the witith of a belt to transmit 10 horse-power, the circumferential speed 
.of the pulleys being 20 feet per second. (S. li A. Uons. Uooh. Comt. 
■|teim., 1883.) Aiw. 5'34iuobwi. 
pSb. AMuming that t\ie wa om\«M«i.\(^ ».\i^'i. «ii. tho smaller of two 
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pulleys over which it runs is ^ of the circumference, and that /* la 
taken = 0*3, prove the following simple approximate rule for the breadth 

•of a leather belt : — ^ = — ^ ^' inches ; where H.P. is the horse-power 

transmitted, V the velocity of belt in feet per minute, and o the thickness 
of belt in inches. Greatest working stress, 300 lbs. per square inch. 

21. It is required to transmit 10 H.P. from a pulley 6 feet in diameter, 
and making 200 revolutions per minute, to one 18 inches in diameter, by 
-means of an open belt, the centres of the pulleys being 12 feet apart. 
Taking coefilcient of friction between belt and pulley at 0*35; find (1) angle 
•of contact on smaller pulley ; (2) the speed of smaller pulley ; and (3) the 
width of single belt ^ inch thick which will be necessary. Ans. (1) 163°; 
<2) 52*36feet per second; (3) 3 inches. 

22. It is required to transmit 16 H.P. from a pulley 20 inches in diameter 
by means of a belt which embraces only f of the circumference of the 
pulley. Find the tensions in the two parts of the belt when slipping is 
just prevented, and the width of belt required, the thickness of the belt 
being f inch, speed of pulley 120 revolutions per minute, coefficient of 
friction /I = 0-35. Ans. 2174*5 lbs.; 1333*75 lbs.; 19*35 inches. 

23. What circumstances affect the action of a belt when the speed is 
high? (S. & A. Hons. Mach. Const. Exam., 188*2.) 

24. Find an expression for the increase in the tensions in the tight and 
slack sides of a belt, taking centrifugal action into account. In question 14 
make the necessary corrections for centrifugal action, being given that the 
weight of a cubic foot of leather weighs 60 lbs. Ans. 63*45 H.P. 

25. In question 17 make the necessary corrections for centrifugal action, 
given that the weight of a linear foot of wire rope J inch in diameter is 
5 lbs. Ans. 2,330 lbs. 
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LECTURE XIX. 

Cosmrn. — Hooke'i Conpliog or Univereal Joint— Doable Hooke's Jmit 
— Agererate Motion— Examples I. am! II. — Epicyclic Trains of Wheuli 
— Epicydio Train for Drawing Ellipses— Eiamples III, and IV.- 
Pun and Planet Wbeels-Sim and Planet Cycle Gear- Cams-Heart 
Wheal or Heart-shaped Cam— Cam for Intermittent Motion— Qiact 
Retoni Cam— Cam with Groove on Face— Cylindrical Grooved C&m^ 
Example V.— Pawl and Ratchet Wheel— La Garonfise'a Doublesctnj 
Pawl— Bevoraible Pawl — Masked P.atehet- Silent Feed— Coiuiliii!! 
Wheel*— Geneva Stop— Counting Machine —Watt's Parallel Motion- 
Parallel Motion- Quettions. 

In this Lecture we shall examine a few more of the many dewM 
for transmitting circular laotinn and for convertiug it into 
rectilinear motion, or vice versd, together with other iniscellaDeoiis 
mechaniams. 

Hooke'B Coupling or UciverBal Joint.— This is a contrivMce 
BOnietiraes used for connecting two intersecting shafts. Each of 
^. the shafts ends in a fork, Pj, F,, 
which embraces two anus of tie 
ci'osapiece, O. The four arms of 
this cross are of equal lengtL As 
Ci rotates, F, and Fj describe 
circles in planes perpendicniar to 
their respective axes. Since these 
planes are inclined to each otter 
the angular velocity of C^ at wj 
instant is diffei-ent fi-oia that of Ci, 
but the mean angular velocities af* 
equal to one another, because at one instant 0^ goes faster than C,, 
and at another slower. This joint will not work when the tw 
shafts are inclined at 90°, or any smaller angle, to each other. 

Double Hooke'B Joiiit.^The variable velocity ratio obtained wit* 
n Hooke'a joint may be obviated by the use of two joints instW' 
of one. The forks are connected by an intermediate lick, ^ 
which must be carried on corresponding arras of the two eross^ 
M shown in the next figure. If the intermediate shaft be eqnJ'J 
Inclined to the other two shafts, the irregularities caused in to* 
motion by its tranaiiiission througli the first coupling are euBcf? 
iKHitrnlisud by the equal and opjiosite ones caused by the aecoinl 
joint. The first and third shafts, tliereibre, revolve with the W* 




Hooke's Joint. 




DotBLE Hmoee's Joist. 
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Telocity at every instant. The double joint works equally well 
■whether the two extreme axea are inclined ; 
£gure, or are parallel tu each 
ither but not in line. 

Botli the single and double 
Sooke'H joint lU'e, as a rule, used 
only foi' light work, such &a foi- 
ftstrononiical inatviimenta.* 

Aggregate Motion. — TheTiiotion 
of a giiece of machinery is Dot always a simple 
often the resultant or aggregate of several independent motions 
impressed upon it simultaneously. 

i'liiia, the motion of a screw working in a fixed nut is the 
aggregate of the cii-cular motion of the cylinder and the axial 
motion caused by the thread. These two together, give a helical 
jnotion to any point on the screw. Weston's differential pulley 
Llock, which the student has already studied, forms a very good 
example of aggregate motion. Here, the actual motion of the 
load is the resultant of two opposite and nearly eijiia] motions 
impai'ted by the two parts of the chain supporting it. 

In some printing machines, the following arrangement is adopted 
in order to double the horizontal motion obtained from a ci^uk 
und connecting-rod. The end of the couneettng-pod carries a 
pinion which runs between two racks. One of these ra'iks moves 
horizontally between guides while the other is fixed. The motion 
of the movable rack is composed of that of the connecting-rod end 
plus that due to the rotation of the pinion. Sometimes, as in 
Example II,, two wheels of different sizes are keyed together on 
the connecting-rod end, one gearing with a fixed rack iind the 
other with a movable one. In tiiis way the travel of the rack 
may bo made greater, or less, than the diameter of the crank-pin 
circle in any desired proportion. In all these ca.ses, where the 
Eeveral impressed mo- 
tions are in parallel 
directions, the resul- 
tant is sim])ly their 

Example I. — A 
toothed whpel runs in 
gear with two parallel 
racks, one above and 
the other below it, the 
wheel being free to run between the racks. If the upper mck 
.th ia the steering 
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ham ft TCloatj of 3 bet f^ weeomi m «a« diirttioa, Mnd the lowcc 
tatk » i ifcuitj af 3 fact {wr Meoad m the ofpaeite direcUon, «1nt 
MlbeKlMitrardMoeBbearttewhMlT (3. * A. Exam., 1887.) 

Axnrxs- — Vfae* « wfawl rolls aloeg a load vitb a velocitf, t^ 
it ia dew, Ifcat t^ potBt on the rin whid is at anj instant toacb- 
ing tKe gruosd ii fcr tfce BMi^Knt at icst, while the point on the 
Tin Tctteallj vrrr the oeotra wiD be aiffTug with a velocity twice 
that of th« centce at the wheel ; that ia, its reloci^ will be 2 c. 

Now. Boppoae the lower lack fixed. Tb«i, froin what has beea 
tmid, it is evident that the wheel will ma between the racks vith 
a velncitj equal to half the vdocit;' of the upper rack. That ia, 
the wheel will be ranriag ta the r^ht with a velocitj of 1 foot per 

In the nnie war, if we ciipfK>se the npper tack fixed the vhed 
will move to the left with a velcciiv of l| feet per iiecond. 

When both racks more, as Bhown, then the wheel will have 
a velocity equal to half the difference of their velocities ; that ii, 
the velocity of the wheel will be = 1| — 1 = J^ foot per second, 
and in the same direction as the lower rack. 

ExAMPLB II. — A crank, 12 inches long, is attached by a con- 
necting-rod to the axis of a spar wheel 21 inches in djanieter, 
which nrns upon a Jixed horizoniai rack. On the axis of the spur 
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wheel, and locked to it, ia a second spnr wheel, 32 inohes ia 
diameter, which geara with n/ree liorizonlal rack sliding in guides. 
Find the travel of the rack in inches for each revolHtion of the 
crank. (9. and A. lixam., 1890.) 

Anhweb. — There are two answers to this question, according aa 
we considei' the two racks (the fixed and movable racks) to be on 
the Buuip, ur on the opposite, sides of the axis of the spur wheels. ' 
Id either oaae, the motion of the movable rack is made itp of two ; 
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motions — one due to tbe motion of the axis of the wheels, and the 
other due to the circular motion of the wheels about their common 
axis. Suppose the crank to make one-half turn from the inside 
dead point to the outside dead point in the direction shown by the 
arrow. Then, evidently, the axis of the wheels will be moved 
towards the left by an amount equal to twice the length of the 
<;rank =2 x 12 = 24 inches. Also, any tooth on the smaller 
wheel will turn through an arc of the circumference equal to 
24 inches. Any tooth on the larger wheel will turn through an 

1 fi 
arc of its pitch circle equal to r-x x 24 = 32 inches. Hence, the 

«xact motion of the movable rack consists of a motion of 24 inches 
along with the axis of the wheels, and another of 32 inches due to 
the turning of the wheels about their common axis. 

First, suppose the racks to be on opposite sides of the axis. 
Then, from an inspection of the figure, it is clear that the motion 
of the movable rack will be the sum of these two separate 
motions. 

..•. Motion of movable rack per 1 ,^a . on kc • i,^„ 
, ,-. « , ^ }. = 24 + 32 = 56 inches, 

half turn of crank J 

During the other semi-revolution, the rack moves back the same 
distance — i.e., it moves 112 inches in all. 

Secondly, when the racks are on the same side of the axis, it is 
equally clear that the motion will be equal to the difference df the 
two separate motions. 

.% Motion of movable rack per 1 ni on o • i, 

i.ii?i. e 1 >=24 — 32 = --8 inches. 

half turn of crank J 

This shows that the rack moves in the. opposite direction to 
the axis. The whole motion in this case per revolution of the 
crank is 8 inches each way or 16 inches in all. In this latter 
case it is evident that the axis of the wheels must be guided 
horizontally in order to keep them in gear with the racks. 

Epicyclic»(Trains of Wheels. — We sometimes find that the axes 
of some of the wheels in a train are not fixed, but rotate around 
another axis. Such trains are called Epicyclic Trains. The 
movable axes are fixed to an arm, called the Train Arm, which 
rotates about that axis. Epicyclic trains are used in those 
machines where some motion is required which it would be 
difficult, or inconvenient, to obtain with an ordinary train. For 
instance, they are used in the " Cordelier," or rope making 
machine, in order to twist the fibres of the strands in one 
direction while the strands themselves are being twisted together 
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in the opposite direction. If tliia were not dons tLe fibres would 
be getting antwiated while the strands were being twisted, and 
a useless rope would resxilt. Bj putting a little extra twist on 
the fibres, the rope will be bard and firm and will not tend to 
untwist. 

The student has already studied an application of the epicjclic 
trail) in Lecture VIII.- — viz., the Rotatory Dynamometer. In 
this cuse the train ia one of bevel and not of spur wheels as in the 
other examples we will consider here. 

The motion of any wheel in an epicyclic train is an aggregate 
motion ; for, the wheel has a. certain angular velocity due to its 
rotating about its own axis, and another cansed by the rotation 
of that axis along with the train arm. In this case also, the 
resultant motion is the algebraic Htioi of the several parts. 

Let, N^ = Number of revolutions of driver in unit time rsla- 
tive to some fixed point. 
„ Ng = Nnmbev of revolutions of follower iu the same time 

relative to the same tixed point. 

„ Ni = Number of revolutions of the arm in the same finis 

relative to the same fixed point. 

/■Number of rerolntionB of 
I follower in a given tinie 
relative to the a rm. _ 
umber of revolutions of 
driver in the same time 
rulative to the arm. 

Care mnst be taten to give e its proper sign ; for, e is neja'we 
if the driver and follower rotate in opposite directions relative lo 
the arm, and positive if in the same direction. 

Now, since the driver rotates N^ times in unit time and ^ 
train arm N^ times, their relative motion will be (N,, - N^) *"-*^ 
Similarly the number of revolutions of the follower rehttive to 
ai-m will be (Np - N^). 

_ N p - N ^ 

^ ~ nT^n^' 

It should be noted that if the driver and follower rotate 
opposite directions, one of them must be considered the poaiti 
and the other the negative, direction. 

Epicyclic Train for Brawing Ellipses, — The figure shows b# 
wheel work of an insti-ument for tracing ellipses by means 
rolling circles. Suppose the circle A C I to roll inside a circuL -' 



e = Value of the tmin - 



t^W 
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arc, i)I, of twice its radius. Then, as was proved in Lecture 
XIII. in connection with the hypocycloid, the point, I, will move 
along the straight line I A (A being the centre of the arc, D I), 
and it is manifest that B (the centre of A I) will describe a circle 
round A. Any other 

point in B I, or B I pro- ''X 

duced, must, therefore, \ 

trace out an ellipse. It \ ^ 

is inconvenient in prac- -- — 

tice to roll the circle, 
A C I, inside D I, and 
the same result may be 
obtained by aid of an 
epicyclic train. Let A 
be a wheel fixed at 
the centre of the arc, 
D I, and B another, of 
half its size, concentric 
with the rolling circle, 
ACL These are con- 
nected by the train arm, 
A B, which rotates about 

A, and an idle wheel, E. /' 

B I is a tracing arm, /' 

rigidly fixed to the wheel, Epictclic Teaik foe Tracing Ellipses. 

±>. Let tne train arm, 

AB, now rotate. A, the driver, does not rotate; therefore, 

Np = 0, and e = ^ = 2. 




f\ 



■ 






Then, from equation (I) we get : — 



e = 






2 = 



- N. 



/. ITp. = - N 



Or, the tracing arm, B T, and train ai?m, A B, rotate in opposite 
directions with equal velocities. This is obviously the same as if 
the tracing arm were a radius of the imaginary rolling circle, 
A C I, rolling inside the arc, D I. We can thus see that if we put 
a tracing point on B I, it will trace out an ellipse. 

Example III. — An epicyclic train consists of three wheels, A, 
B, 0, taken in order, and in gear with each other. The first 
wheel. A, has 75 teeth, B has 60 teeth, has 45 teeth ; also, the 
driver, A, rotates three times in a minute, and the arm rotates four 
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times in a niitmte, and in the opposite direction. How iobdj 
rolAtioDB do B and C make respectively per minute 1 

ANSWER. — The arrangement is sliown diagram matjcallj^ in tlie 
above figure. 

(1) To find t/ie motion of B. — Here, using the same notation 
M in the text, we have : — 




That is, the follower, B, rotates 12! times per i 
the opposite direction to the driver, A. 

(2) To find the motion of C — In this case, «a = c 
A.b.fore. c.. ^"-'^' -' • £ - Ss-L 



S ! 
rectooa I 



"Whence, turns 7| times per minute, in the same directooa 
na A. 

These results may he nrrived at otherwise as follows : — Suppose 
the wheels and arm rigidly connected, so as to move as one ]iiece; 
then, let the arm tuin for one minute, so na to receive its four 
negative tiirua; each of the wheels will then also receive foiir 
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negative turns. Now, suppose the arm to be fixed, and let the 
>7heel, A, receive seven positive turns, so as to cancel the i'our 
negative turns already given, and leave the nett motion of three 
positive turns, as required by the question. 

75 

The effect on B will be to give it 7 ^ ^ = ^i negative turns, 

and on C to give it7x^Xj> = llf positive turns; hence, the 

total motion of B in one minute will be - 4 — 8J = 12f negative 
turns, and of C, — 4 + 1 If = 7§ positive turns. 

Example IY. — ^What is an epicyclic train of wheels 1 Two 
spur wheels, A and B, whose diameters are 2 and 3 respectively, 
are in gear with an an- 
nular wheel, C, whose 
diameter is 8. The 
wheels A and have a 
common axis, but B is 
can*ied by an arm centred 
on the axis of A. If 
A make five revolutions 
while C makes one re- 
volution, both in the 
same direction, find the 
angle described by the 
arm during this time. 
(S. & A. Exam., 1888.) 

Answer. — An epicyclic 
train of wheels is one in 
which the axes of the 
wheels are not fixed in 
space, but are attached to a rotating frame or bar, in such a 
manner that the whole train of wheels can derive motion from the 
rotation of the bar. 

Using the same letters as before, and calling A the driver and 
the follower, we have :— K^ = 5 ; Np = l; ande= "f ^f = -i- 




Epicyclic Train op Wheels. 



Then, from equation (I), e = .j^^^ =^. 



-i = 



5 - W, 






Na = 14 turns. 



That is, the train arm has made 1|- turns in the same direction 
as A and 0. 
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Sun and Planet Wheels. — This device was invented by Watt to. 
convert the oscillatory motion of the beam in his engines into the 
circular motion of the flywheeL As will be seen from the first 
figure, it consists of a wheel, D, rigidly fixed to the connectiug 
rod, I) B, and kept in gear with another wheel, C, by the linl^ 
DEO. The wheel, C, is keyed to the flywheel shaft As the 

beam oscillates up and 
down, the connecting-rod 
pulls D up one side of C, 
and pushes it down the 
other. It thereby causes 
C to rotate, and with it 
the flywheel and shaft 
The student will easily 
see that the wheels, D 
and C, form an epicyclic 
train, of which the link, 
DEC, is the train arm. 
We may, therefore, apply 
the formula already 
given for epicyclic trains, 
to find how often the fly- 
wheel revolves for each 
up and down movement 
of the beam. Doing this, 
and assuming D and to be 
of the same size, we get: — 

Nd = Number of revolutions of the driver, D, for each up and 

down movement = 0. 
Ny = Number of revolutions of the follower, 0, for each up and 

down movement. 
N^ = Number of revolutions of the arm, DEO, for each up and 

down movement = 1. 
e= -1. 

From equation (I), e = -^^ \ -^^ ; 2.e., - 1 = ^^ ^ \ ' 

Or, Nj = 2. 

From this we see, when the wheels are equal, that the flywheel 
goes round twice while the connecting-rod goes once up and doy^n. 
If the wheel D be twice as large as the wheel C, we would find,1n 
the same way, that C went round three times during this period. 
The following figure shows these sun and planet wheels as applied 
to Watt's double-acting steam engine.* 

* See Lecture IL o£ the Au.t\iox'a Texl-Book o-a El«.am aw£ SUam Engines, 
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Sun and Planet Cycle Gear. — The illustration on next page 
(whicii has been kindly supplied by the makers of this gear, the 
"Elliptic" Cycle Syndicate of Grantham) shows a recent inter- 
esting application of the sun and planet wheels. Both wheels are 
elliptic in this case, and, therefore, give a, variable velooity-ratio. 
By means of this gear, the pedals, which travel in an elliptical 
path, are cansed to move at a nniform speed. The velocity-ratio 




between the ciunk? tnd driving wheel has a double \ariation at 
€ach levolution ol the cianks, which move more quickly at the 
top and hottom positions The quicker mo\enient caused by the 
geaiing la tountericteji by the quick \ettica.l movement of the. 
pedals, due Hi, and governed by, the position at which the ctank-, 
pin bearing is attached to the pedal bai The result is a regular, 
and uniform movement of the pedals m an elliptical path, the 
tram value bein^' 2 1 
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It is claimed by the inventor, that a bicycle having an ellipticil 
pedal path, with a nniform movement, hait a great advantage over 
a circular i>e<Ial path, aa the pressure can be applied contiaueuslf, 
wbibit in the circular path nearly one-quarter of the travel at t^ 
and bottom is horizuntal, and, therefore, not in an efiectiva 
direction. 

The shape of the planet wheel governs the double variation, and, 
consequently, mufit always be an ellipse, but the sun wheel may be 
made eccentric, and with half the number of teeth of the eliiptjotl 
wheel, the value of the trun then being 3 : I. 




,' usually of the form of discs or cylinden. 
They i-otate about an axis, and give a reciprocatiug motion to some 
point in a rod by means of the form of their periphery or siiiface, 
or by grooves in their surface. 

The cam generally revolves uniformly i-ound its axis, whilst the 
" J motion may be of any nature, depending on the shape 
a ])laiic inclined at any angle to the axis 
of rotation. In the following examples, uniformity of rotation is 
assumed in the ease of the cam, and the motion of the reciprooating 
piece takes place in a plane perpendicular to the axis. 



recipi-ocating motion may bi 
of the cam, and may be in a 
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Heart Wheel or Eeart-Bhaped Cam Suppose that it is required 

to give a uniform reciprocating motion to s, bar moving vertically 



L line passing through. 



etween guides, and i 
motion of the cam p1at«. 

Let the sliding bar be at its lowest position, as shown, and wheu 
in its highest position let its extremity be at the point 6. The 
distance thus moved is called the travel and will be passed over 
during one-half revolution of the cam. The required curved outline 
may be obtained in the following manner;— With centre, C, describe 
circles passing throngh the extreme positions of the end of the rod. 
Divide the travel into, say, six equal parts at the points 1, 2, 3, 
&o. Divide the semi-cir- 
cnmference into the same 
number of equal parts by 
radial lines CI', 2', ie. 
Then with centre, C, draw 
the concentric arcs 1, 1'; 
2, 2'i &C., intersecting these 
radii in the points 1 , 2', 3', 
dw. The dotted line drawn 
through these points will re- 
present the required curve. 

If the end of the sliding 
bar resto on this curve it is 
clear, that far equal angles 
turned through by the cam, 
the bar will move outwards 
through eqnal distances, 
and consequently, will have 
uniform linear motion im- 
parted to it. The return 
motion will evidently be 
obtained by the similar and 
equal curve 1", 3', 3", &c., 
on the opposite side of the cam. 

A cam so formed would impart the required motion to a points 
If the end of the sliding bar be provided with a roller in order to 
diminish the friction, then the shape of the cam must be altered so 
that the centre of the I'oller shall move over the outline of the 
cam as traced above. To accomplish this we must draw a curve 
inside the original one by describing small arcs with centres on 
the original curve as at 1', 2', 3', iScc, and with a radius equal to 
that of the roller, and then by drawing a smooth curve touching 
these arcs, as shown by the heavy line in the figure. 

25^ 
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Cam for Intermittent Motion.— Sometimes the inotion imparted 
by a cam in intercnittent. For instance, a common foi'in of lever 
punching macliine Je fitted with a cam which gives the punc^ 
un ii|>ward movement, then a period of rest, and finally a down- 
ward movement during each revolution. As an example of thi^ 
let ua 8et out a cam to impart vertical motion to a. bar, »o tkt 
the latter shall be raised wniformly during the first half revok- 
tion, remain at rest during the nest one-sixth, and deBcend 
uniformly during the remainder of the revolution. 

As before, sappose the reciprocation to be in a line jusaing 
through, C, the centre of motion of the cam plate. Then, witii 
■centi'e, C, draw circles passing through the extreme positions of 
the end of the bar. Divide the circumference into three [wta 
correaponding to the periods of one-half, one-sixth, and one-third 



ir 




n Inthrval of EEsr, Cam Givin<j a Quick ReTIJ^' 



revolution, by drawing radial lines making angles of 180°, "- ■ 
and 120°. Since the motion is to he uniform, divide the tr»*^ 
into a convenient number of equal parts, say twelve; and *'' 
circumference into the same number of equal ]>arts by radial lii>* 
Draw the concentric aixs 2, 2' ; 4, 4" ; ic., and 3, 3' ; 6, 6' ; *^ 
as shown. The curves through the points so determined will g* 
the required motions. The interval of rest will evidently be gi*"^ 
by the circular portion from 13' to 12'. The complete ontlin« " 
I'epi'esented by the heavy line in the diagram. 

Quick Return Cam The student wiU readily understand fr*^ 

the rigbt-hand figure, that if two-thirds of a revolution _ ** 
occupied in ridsiiig the motion bar and the remainder ia loweri*" 
the same, the return stroke will he performed in half the timo * 
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rward stroke. The curreu of this cam are found in the same 
ly as Id the previous examples. 

Cam with Groove on Face. — When the reciprocating bar has to 
pulled as well as pushed hy the cam, it is evident that the cams 
■eadj considered would not drive it, but leave it at its extreme 
sitton. In such a case the periphery of the cam plate is not 
ed, but a groove is cut in its face, as shown by the accompany- 
r figure. The end of the rod carries a pin which works in this 
30ve. The rod, therefore, gets pushed out by the inner &ce of 




e dot and pulled in by the outer face. The central dotted curve 
obtwned in precisely the same way as before, and the two full 
irvea are drawn parallel to it at a distance on each side of it 
[■oal to the radius of the pin. 

Cjlindrioal Grooved Cam.— This differs from the above in that 
* nm is cylindrical and long. A groove is cut around its 
yjmdrical surface, but it is not made circular. Parts of it are 
piral, and ao act on a pin like a screw. This gives a motion to 
™ bu parallel to the axis about which the cam rotates. 
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ExxupLK V. — A vertical bar, moving in guides, ia driven \t) 
a circular cam piste having a centre of motion in the centre line 1 
of the bar. The diatance from the centre of motion to the I 
centre of the plate is 2 inches, and the bar exerts a pressufe of 1 
10 lbs. when rising, but falls by its own weight Find the work | 
done in 100 revolutions of the plate. 

Answek. — Since the distance between the roller, S R, and the 1 
centre of the plate, C F, remains constant as the plate revolves, I 




supping roller. 
Circularcampluts. 
Centre of plate. 
Centre of inotion. 



I 



it ia evident that the bar will move aa if it were actual 
crank of length eqiml to the distance between C II and P, and 
a connecting-rod of length equal to the radius of the plate. Hence 
the stroke of the bar will be i incbea, or ^ foot— i.e., twice the 
length of the equivalent crank. Neglecting friction, the work 
done in raising the bar by one revolution of the plate, will be : — 

10 X h (ft. -lbs). 

.-. Work dons in 100 reBoluHons = 100 x 10 x ^ - 333-3 ft-lbs. 
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Pawl and Ratchet Wheel — A toothed wheel which is acted 
upou by a vibrating piece, termed a click or pawl, is called a ratchet 
wheel. Eatchet wheels are made in many different forms, and are 
used for a variety of purposes. For instance, clocks and watches 
are usually provided with ratchet wheels to allow the spring or 
weight to be wound up, without disturbing the rest of the works, 
and they are used to drive the feeding arrangements of many 
machines. When, as in the latter case, the click or pawl drives 
the ratchet wheel, it is carried on a vibrating arm. In the first 




Pawl and Ratchet. 

figure, A B is the vibrating bar which drives the ratchet wheel, by 
means of the click, BC, and teeth, Cc, when moving in the 
direction shown by the arrow. When A B moves back to A B', 
the click slides over the top of the next tooth and drops behind it. 
It is then ready to drive the wheel through the space of another 
tooth when A B again moves forward. While the pawl is moving 
back from B to B', the wheel is prevented from moving with it 
by another pawl or detent, b c. In this case, the vibrating bar is 
on the same axis as the ratchet wheel; but this is not always 
so, as will be seen from the next example. The reactions between 
the teeth and the pawl have to keep them in contact with each 
other. The resultant pressure of the teeth on the pawl must 
therefore be such, that its moment tends to turn the pawl 
towards A, the centre of the ratchet wheel. This conditior 
evidently is satisfied if C D, the direction of the resultant pressur 
at C, passes between A and the axis, B, about which the pa^ 
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turns. SimQarty, the moment of the resultant pressure on the 
det«nt must tend to turn it towards A, but its direction, de (not 
ed), must lie outside A 6, because this detent ends in a hook. 
Both pawls might have been like B C, which acts by ijQshing, or 
both hooks, which act by pulling, like b c. The pawls are pressed 
against the ratchet by their owu wdght, or by springs, according 
to circumstances. When a ratchet wheel ia used only to prevent 
the recoil of the axis on which it is fixed, the vibrating arm is, of 
course, not required, and only the detent is used. 

La Garonsse'E Donble-Acting Pawl. — This is a pawl which 
advances the ratchet wheel at each stroke. As will be seen from 




DocDLE-AoriM, Pawl. 



the diagram, it is composed of two clicks, K M and H L, carried by 
an arm, K G H, which vibrates about its centre, G. While the arm 
IS turning in the direction of the straight arrow, H L advances the 
ratchet by the apace of half a tooth while K. M retii-es another half, 
and, therefore, drops behind the next tooth. During the return of 
K G H, KM drives the ratchet while H L moves back. It will 
thus be seen that no detent is required, and tliat the motion of the 
ratchet is nearly continuous. Tlie pawls may be hooks, when, of 
conrae, the teeth will be modified to suit. The positions of the 
clicks and arm may be found in tlie following manner: — Diaw any 
convenient radius, AL, of the pitch circle, BB, and from it set out 
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the EDgle, LAD, equal to the desired mean obliquity of the clicks. 
Draw L D perpendicular to A D, and describe the circle C C with 
radius AD; the directions of the clicks at mid-stroke will be 
tangents to this circle. Make angle DAE equal to an odd 
number of times half the pitch angle of the teeth, and draw E M, 
the tangent, at E. Let this intersect the tangent L D at F, and 
the pitch circle in M. Draw F G, bisectiug augle M F L, and take 
G, any convenient point in it, for the centre of the rockiug shaft. 
Lastly, make GH and GK perpendicular to HL and KM 
respectively. Then, K G H is the position of the vibrating arm, 
and HL and KM the lengths of the two clicks, and their positions 
at mid- stroke. The effective stroke of the clicks is half the pitch of 
the teeth, and the total stroke as much greater as may be necessary 
to ensure their clearing the teeth. 

Eeversible Pawl. — The next figure shows a form of click used 
in the feed motion of shaping and other machines. The ratchet 



/ 
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Revebsible Click. 

wheel is here an ordinary toothed wheel, and the click, B C, is so 
shaped as to be able to drive it either way. When the click is in 
the position shown in full lines, it drives the ratchet wheel in 
the direction of the arrow. When the wheel is lequired to rotate 
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the other way, the click ts liiled over to the dotted position; and, 
if it be desired to stop the feed motion without stopping tk 
machine, the click is pnt in an upright position. A portion of 
the fiin at B, wliich turne with the click, is triangular in Hectic 
A spring presses on this part aod so keeps the click in any o 
of its three positions. The ratchet wheel is keyed to A, the ».'. 
tea the slide carrying tha cutter, and tlie 
■rew and its nut is sufficient, without any 
ratchet from moving back. The vibrating 
38 the click is driven by a small ecceotrio 
av, of course, be made to move the rachet 
t time by adjusting the angle through 



of the screw which n 
friction between this s 
detent, to prevent the 
arm, A B, which carri 
or crauk. The [lawl n 
more than one tooth at a 
which AB vibrates. 

Masked Batchet — In numbering machines it is often necessary 
to print the same number twice, as in cheques and their counter- 
foils. The ratchet which shifts the type wheels must, therefoi'C, be 
moved at every alternate back-stroke of the printing machine. 
This may be accompliahed by putting a second ratchet, running 
free on the shaft, alongside the driving one and making the pawl 
broad enough to move both. The second ratchet has the same 
number of teeth a^ the other, but its teeth are made alternately 
deep and shallow. It is also a, little larger than the driving 
ratchet, so that the pawl paBses over the top of the teeth of the 
latter, without moving it, when in a shallow tooth. 'Next stroke 
the pawl drops into a deep tooth. This allows it to catch the 
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G W for Grooved wheel. 
KG ,, Ecoentrio cam. 

E D „ BcceDtrio dsteut, 
EK., Ecoentrio rod. 



WonssAM's SiLENr Feed. 

teeth of the main ratchet and bo shift the type wheel. Tiis ' 

arrangement is called a masked ratchet. 

Silent Feed.— A ratchet wheel is always more or ] 




t actinn, and the 

considerable, "i 

I stituted for the 



r caused by the sudden drop of the iniwl js 
void this, a friction catch is Bometinies aub- 
1 onii a grooved wheel for the toothed one. 




The pawl and ratchet then becomea a silent feed. The action 
of this arrangement will be eaaily understood by a reference to 
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the figure,* EC U an Kcceutric cam whicli is tapered at lU 
edge to fit the groove in tbe grooved wheel, G W". It can Inm 
on » pin carried by the lever, L, When E C movea as sliown br 
the xrrow, tbe friction cuiihcs it tu tiiiu about its axis, and, gioett 
the axi^ is not concentric with the circular part of its rini, it 
gets wedged in the goiove. Hence, for the rest of tbe stroke, tli« 
lever carries G W round witli it. At the begiuoing of tbe (■etum 
stroke, E C turns in tite opposite direction, and so gets released 
from tbe groove, A detent, E D, pi-eciselj lumiiar to E C, bat 
carried on a lixed arm, prevents the wheel from moving back- 
wards. The lever, L L, is worked by an eccentric, auil the leugth 
of its stroke may be adjusted by altering the position of the end uf 
the eccentric rod, E R, in tlia slot. The second illustration shows 
a sawing machine, with this feed motion at the right-baud sidt;. 

Counting Wheels, — In counting macliines, the wheel carmng 
tbu figures for the tens must turn through one-tenth of a rrvnlntioa 
while the unita wheel shifts from S to 0, and it must remain at 
rest at other times. The same in true of the wheels for the 
hundreds and tens, and so on. The moat obvious way to do this 
is to put ten teeth on the follower on the tens shaft, and only one 
on the driver on the units shaft. Every time the nuits wheel 
passes a certain point it will, therefore, shift the tens wheel by 
one tooth. The teetli on the follower are usually pins, and a 
roller is pressed between tliem liv a spring. This roller serves to 
bring the wheel to its exact position, and to lock it there. 

Another lievice is shown in the accompanying figure which 
avoids the shock that always takes place in the first arrange- 
ment. Here, A is the sliaft whoiie revolutions requfag tn be 
counted, and B the centre of the counting wheel. The wheel fixed 
to the shaft. A, carries u pin, C, which moves the counting wheel 
by gearing with the sides of the slots. While the pin is in a slot, 
the horns, G, K, &o., pass thi-o\igh the part, M G H L, of the 
driving wheel, which is cut for the purpose. After the pin has 
left the slot, the curved part, G H K, bears on the convex aro, 
H K M, and ao locks the counting wheel in the position shown io 
the figure. The figure shows only five slots, hut there may be ten, 
or any other required number. When used for counting, there 
would, of course, be ten. 

The following construction may be used for finding tbe propor- 
tions of the various parts : — Join A B, and set out angles B A, 

A B D, Ac, each equal to -^— , or ■, where n is the number of 
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dots required. Draw AC aod AD perpendicular to B C and BD 
reapectively, and complete the regular polygou, of which C A and 
AD are the halves of two adjacent aides. la the figure, this is a 




Con»TiHU Wheel, 



regular pentagon. Then each alternate line radiating from B, such 
KB B C or B D, is the centre liue of a slot, and the others, as B A, 
the centre lines of the circular arcs, G H K, &o. With centife 



A Md bAv AC; fcwiilii tke drde CED, to represent ih« 
yArftfa Bwfa»«Cdw|M,«aJMOtWreircfe,with B as cenlre, 
a» mhA k. TWa. ■< A* fainta -Aen tfci> laUer circle ciits ik 
«cMi* bfli of tfcc (lotei Hike ■'■iriirhi of the same radios a 
At pH. C Tk aAef if tfe dato mbj tben be lirawu puallel to 
tfc^ (OfMeinc oMti* Bmcs to iw A theae ■emicircles. The an^ 
G H E. an dmvm vitk ia£» Bia*! to A H, ud their ceotret at 
(fee n^B vf tke |witg»a, ao a* ta W concentric «itfa H K U 
whaa m (ear witk k. The are, 31 LH, has its ceotn: in AC, 
aa4itoiaA«B«i(Ml taBO ar BK. 

6«wn Step. — ^TUa » m maHiJntiaa of the alwve, lued to 
(■vtcW «a*dkv licng e*«T*a«nd, and toch like porpcMes. Thii 
» Jeetad ky fil&ag «p aoc af the alot#, as shown by th« dotted 
citde at 5. Tk |m oa A •■ armted wbe* K nAclues C or D. 
TW aa«c iUb; «a«M rwh fom fiUisg ap on« of tfae hdlowg 
like G H E- It ia abrioiM that the shaft. A, can make ooe 
eaaflcte bm far vmy dnt, excepc the stopixi^ one, and a 
nawtilt" t*n aO li^ the a^e, G A K. for that one. 

CBaMttaKMatkWL — TheacconranTingillnabKtioiiafaowBaTei; 
goad fiw^ at iiMiiiliii^ — ihim (vith three of its dials remored) 




which worha od a modiflcalioii of the firat of the abore-meiieioDed 
metbods.* The driving mcdunism consistd essentiallir of a short 
I^Ter, L, which can oecUkte about the pin, F, and which drives 
the ratchet wheel, R W, by two projectioDs on its end. Below 
tills lever, L. there is a circotar plate from wLioh a pio projects 
into the hole in L. This pin, not being concentric with the 
circular plait, will canse L to oscillate when the plate rotates. 
The rod, Z. is attached to the back of this pidtc when the instni' 
ment ia used to count revolntious, and the lever, H, to its edge, as 
gliown in the figure, when used to coant oacillations. The rattjiet 
wheel spindle carries the first or units dial, and also a disc, D, 
having a pin projecting downwards from its lower edge. The 
next spindle, to which the tens dial is attached, has a toothed 
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wlieel, T W, with twenty teeth. These teeth are alternatelv 
bvoud and narrow, and the wheel is locked hy the disc, D, gearing 
between two consecutive broad teeth. At the proper time, the 
pin oil D conies into gear with a naiTow tooth, and, at the same 
time, a notch on the edge of the disc allows one broad tooth to 
pass round. The tens spindle, therefore, makes one-tenth of a 
levohition. The sanie arrangement is adopted for the other dials. 
The case of the instrument has windows which allow only one 
figure on each dial to be seen at a time. la order that the dials 
may be easily set to zero, their spindles are each mounted on 
separate levers, which are locked in their places hy the bent lever 
3 which V is attached. Pulling V to the left frees these lepers, 
) so turned as to put the toothed wheels 
respective discs, when the dials may be 



and permits them to \ 
out of gear with theii 



t to Zl 



Another counter hv thi 




Harding CorNiKK. 

figure. In this instrument the dials are cylindrical and all run 
loose on one shaft. To the right-hand side of each {except the 
first) is fixed a number of pins, and to the left (except on the last) 
two only. Above the dials, between each pair, a set of little 
toothed wheels is mounted loosely on a secondaiy spindle. These 
toothed wheels gear with the pins on the dials, and every alternate 
tooth is also hroad enough to gear with the side of the right-hand 
dial, which locks them in the same way as the disc in the "Uni- 
versal " counter. The two pins on the left of a dial come iato 
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guar nt t!ie proper time, and a slot oq the siJe of the diaV allows 
the little piuion to turn two teeth. Tbia ia .just auffieieat to 
cause the next dial to turn throagh one-tenth of a revolnt-ion, 
The same thing is true of each of the other dials. This instrument 
ia driven in a similar way to the previons one. 

Watfs Parallel Motion.— Referring to the illuatratioa of Watfe 
double-acting engine, previously given in this Lecture, tbe atndaat 
will notice that the beam and piston-rod are connected by a set of 
links. This system of links has been called Watt's Parallel Motion. 
The first part — viz., that for guiding a point in a straight lini 
usually termed a " parallel motion," although this term properly 
belongs to the portion which makes certain other points travel in 
paths parallel to that of this guided point. The next figure -■" 




serve to show the principle on which an approximate rectilinear 
motion is obtained. Part of the beam of the engine ia shown ia 
three different positions, C T^, T^, and C T^. The point, T, in 
it is connected by the link, T t, to the end of a lever or radius rod, 
c t, pivotted at c. In their mid positions, Tj, c t^, these two 
levers are usually parallel to each other, and perpendicular to the 
line P^ Pj Pj The point, T, deaoribea an arc of a circle round G, 
and t round c. As these arcs curve in opposite directions, wo 
should expect some intermediate point on the link, T (, to curve in 
neither direction, but to describe an approximate straight line. 
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P < C T 
This point, P, may l}6 found by making .=-= = — -. The actual 

Jtr J. c t 

path of P is like the figure 8, and the parts which cross are very 

nearly exact straight lines for a short distance on either side of 

tiie crossing. 

Pro£ Rankine gives the following construction for the lengths 
of the links in his Machinery and Millwork : — Let A be the centre 
of the beam, G D the centre line of the piston-rod's motion, and B 
the mid position of its end. Draw A D perpendicular to G D. 
Make D E equal to one-fourth of the stroke, and join A E. Draw 
E F perpendicular to A E, and meeting A D in F. A F is the 
length of the beam. If G be the point where the radius rod cuts 
G D, draw G K at right angles to G D, and make D H equal to 
G B. Join A to H, and F to B, and produce A H and F B to 
meet G K in K and L. Then, F L is the connecting link, K L is 
the radius rod, and B is the point on the link, F L, to which the 
piston-rod must be attached. 

Parallel Motion. — We will now consider the parallel motion 
proper. In the accompanying figure A B T < is a parallelogram, 
and c is a point in A^ produced. In the meantime we* will 




%^' 



'PR 



Faballel Motion. 



Parallel Motion for Richard's 
Indicator. 



leave the links CT and BD out of account and consider the 
parallelogram only. Join B c and we have two similar triangles, 
B A c and Ttc, 



l^t 



tc 






BA Ac' 



t c 
.*. P ^ = B A - — = a constant, 

Ac 



That is, in every position of the parallelogi-am the point, P, 
remains in one fixed position in the link, T t. Moreover, the ratio 



400 



LECTTRE XIX. 



p— U consUDt, and, therefore, whatever path P traces oat, B will 

truce (lilt a similar one. Thj* is the principle of the panlojra^ 
which ia used for enlarging or redncing drawings. Now, we liwe 
just seen imw we may make P move in an approximate strai^t 
line lijr the link, C T. B will, therefore, also moTe in an approii- 
niBte straight line. We might have guided B instead of P "itli 
a radius rod, but this would have necessitated longer and hca«6t 
links and would have occupied more apace. 

In applying this motion to hia engine, Watt made Ad: the beaOi 
and attached the piston-rod to B and the air pump-rod to P. 'P'^ 
lengths A c, ( c were, therefore, proportional to the strokes of t^^ 
piston and pump bucket respectively. Sometimes a third 1*^ 
wax added so as to get a second parallelogram and a second pO)i)' 
moving parallel to P, and this whs used to drive the feed-pump- 

The right-hand tigure shows the parallel motion of RichaT"-* 
steam engine indicator.* The student will at once see that it 
a modification of Watt's parallel motion. In this case the pisC*'*'' 
rod, P R, is attached by the link, E F, to the bar, C D, betw^^^ 
D and the centre, C. The motion of p, to which the penriL 
attached, is, therefore, a via.gnijied copy of the pistou's motion.*' 
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Lectusb XIX.— Qcestio.vs. 



1. Describe Hooke'e joint for connectins tvo axes whose dirccttoiu m«!t 
in a point. Investigate a method of setting out in a diagram the Buglea 
describsd by the axes in the same given time. (Uona. S. and -A. Eksui., 
1895.) 

2. Sketcli and describe the double Hooke's joint, and explain why it is 
used in certain cases in preference to the single joint. 

3. The rods of a, douhlt -barrelled pump are attached to a doable-cranked 
■hnft, at the end of which ia a wheel with 30 teeth. The wheel gears with 
a, pinion of 8 teeth driven by a winch handle. Find the number of single 
strokes performed by each pump rod while the winch handle makes 15 
revolutions, and sketch the arrangement. Aits, S, 

4. In printing machines the table is sometimes made to reciprocate by 
running a pinion between two racks, whereof one U fixed and the other ia 
attached to the table. The pinion may be actuated by a crank and con- 
necting-rod, but in that case the reciprocatiun ol the table ia not uniform, 
how may a uniform reciprocation be obtained? (Hona. S. and A. Exam., 
1893.) 

5. Whnt ia an eplcyclic train, ajid where are such trains chieHy employed! 
Investigate a formula for ascectaiiung the relative velocities of the first and 
last wheels of such a train. In an epicyclic train, where the first wheel 
has 20 teeth and is fixed, the second and third wheels are on one axis and 
have 30 and 40 teeth respectively, and the last wheel has 50 teeth, find the 
number of rotations of the last wheel for 30 rotations of the arm. In which 
direction does the last wheel rotate relatively to the arm? (S. and A. 
Exam., 1893.) An: 14; in the same direction. 

6. In a roj)e-making maohinc, the reels containing the strands are carried 
round in a circular path, but no twisting or untwisting of the strauda occurs 
dnring the operation. Sketch and deacrlbe the epicyclic train, or other 
device, by which yon would accomplish this. If a little extra twist be 
required to be pnt on the strands, how may this he done? Explain yoor 
aoawer fully, (k and A. Erram., 1891.} 

T. Prove the formnla which gives the velocity of rotation of the last 
wheel of an epicyclic train in terms of the vi^louitiea of the first wheel and 
the arm, and arrange an epicyclic train in which the laaC wheel and the 
arm shall rotate with enual velocities in opposite directiona. (S. and A. 
Eism., 1889.) 

S. A train of three spur wheels ia carried by a revolving arm, the first is 
a dead wheel of tiO teeth, the second has 30 teeth, and the third has 45 
teeth. Prove the formula for determining the number of reyolutions of the 
second and third wheelii for each revolution of the arm, and ascertain the 
Actual numbers in this example. (S. ajid A. Exam., 1890.) Ana. 3;-}. 

9. Investigate the kinematic properties of an epicyclic train farmed by a 
combination of three equal hevel wheels in ^ear. Describe, with sketclies, 
the manner in which this combination has been applied in Houldsworth's 
diSerential motion. Mention other useful applicationa of the combination, 
pointing out the special results obtained. (Hona. S, and A. Exam., 1895.) 

10. An epicyclic train supported on a frame conaiata of (1} a spur wheel, 
A, having 40 teeth ; (2) a disc, B, having the same axis aa A, and carrying 
»t equal intervals three pinions of 16 teeth, each of which gears with A ; 
(3) an annidur wheel, C, of 72 teeth coaxial with A and B, and gearing with 
the three pinions. If A be ma<le a dead wheel and C be the driver, find ths 
Telocity ratio of B to C, both as regards magnitude aud diiection, proving 

26 
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any formula which yon employ. If B be locked to the Entne, and A be the 
(ini'cr, find the same as regards C ftod A. How would yon alter the par- 
ing on B, BO that C aod A may rotate in the same direction while the flue 
B TemuiDB locked to the frame! How may the drivlDg eeur of a, bicjdetn 
arrAof^d so that the vehicle may traiel more slowly up-liiU, while the peilii 
axis ruBB at the same rate as oa level ground! (Rous. B. and A. Eiam., 
18W.) A«: A: ; - |. 

11. Eicplainthe manner in which Watt used the eo-called Snn and PUnet 
Wheels as a snliatitute for a crank and connecting-rod, and account foe the 
result which he obtained. (S. and A. Exam., 1892, ) 

12. What ore elliptical wheels, and for what purpose are they used! 
Wltat peculiar property oi the ellipse has to be ti^en into account in de- 
signing them, and bow are they arranged in prsiCticeT Give a sketch. 
(Adr. S. and A. Exam., 1SS2.) How are these wheels applied to ths 
driving of cycles ! 

13. Sketch a cam for giving a bar a uniform re>ci{u-ocatiQg n 
explain how you find the form of its periphery. 

14. Set out a form of com which, when acting on a bar by anifiiTiD. 
rotation, will cause the backward and forward motion of the bar bo have 
an interval of rest between each. Describe some other method of obtaining 
an intermittent motion of this kind. (Adv. S. & A..Kiara., 188S.) 

15. Describe, by the aid of the necessary sketches, how the oircular 
motion of the driving puUey is converted into the reciprocating motion of 
the punch in on ordinary machine for punching holes in metal plates. 
Calculate the approximate maximum pressure in pounds at the end of a, 
punch in cutting a hole 1 inch in diameter thrunga a steel plate % inuh 
thick, the rsststiince of the plate to shearing bcini; taken as 50,000 lbs. pcx 
square inch of section. (Adv. H. &. A. Exam., 1894). Ann. 98,175 lbs. 

16. Sketch and describe what form of cam you wonld use when it .. 
required te drive the bar both ways, (1) at right angles to the axis of the 
cam, and (2) parallel to it.' 

17. Sketch a pawl and ratchet wheel as used for preventing the recoil of 
the gear. 

IS. Sketch and describe some form of pawl which will drive a ratchet 
wheel during both the forward and bacltward strokes. 

19. Sketch a ratchet feed motion, sneh as is suitable for a planing 
machine, and explain the manuer in which the amoijnt of feed is regoluted. 
(8. & A. Adv. Exam., 1892.) 

20. It is sometimes usefal to advance a ratchet wheel at every atlernaie 
forward stroke of the driver, instead of at every stroke, as is commoinly 
the case ; deseribe and sketch a mechanical coutrivanoe which will give 
such a movement. 

21. Describe, with the necoeaary sketches, some form of silent feed 
arrangement commonly used iosteai of a ratchet wheel, for advancing the 
timlwr in sawing maohinea. Explain the principle of the friction grip upon 
wiiich such a contrivance depends. Witnin what limit as to deviation of 
the lino of pressure from the common normal is a friction grip possible, and 
why! (Adv. 3.*; A. Exam., 1803.) 

22. Sketch and describe a vertical sawmill, showing how the silent feed 
is applied. 

23. Sketch and describe an arrangement for counting the number of 
Bbtikes or revolutions of an engine. 

24. Explain the principle of Watt's approximate straight line motdoo, 
commonly called a parallel motion. By what combination of linkwork is 
an exact straight line motion obtained! Prove the geometrical propoa* 
upou which the resolt depends. (S. & A. Hons. Exam., 1893.) 




■ SCIERCE AND ART DEPARTMENT'S SECOND STAGE OR 
ADVANCED EXAMINATION IN APPLIED MECHANICS, 

You may not atUmpt inore llian nix que»tio/ta. 

21. Compore the (oroe expandod in pile ilriring by a ram or monkey of 
1 toQ falling 20 feet, with that of s, weight of 2 tons falling 10 feet. If 
tme blow of the former moves the pile 9 inchcH, what in the average 
rwwtaoue that is opposed to its motton ! * 

22. Distinguiah bstveen a spur wheel, a bevel wlieel, a worm wheel, 
and a raek. What is the velocity ratio of two wheels? If a bar of oaat 
iron 1 inch square and 1 ineb long when secaied at one end, breaks trauB- 
versely with a load of S,000 lbs. Busp«uded at the free end ; what would 
be Che safe working pressure, employiug a factor of 10, between the two 
teeth whicb are in eontact in a pair of apar wheels, whaae width of tooth 
IB 6 inches, the depth of the tooth, measured pcrpenilicnlarly from the 
point to the root, being 2 inches, and the thickness at the root of the 
tooth 1^ inches? 

'23. A king-poet truss, whoao height U one-fourth of its span, is loaded ut 
the joints with vertical loaiis of 15, 30, and 45 units respectively. Determine 
the nature and amount of the stresses in each member of the frame. * 

24. What is a cam? Forwhat purposes in mecbanism are cams generally 
ised! Sketuh and describe the construction and actual form of a cam 
n use in any machine with whicb you are aciiuainted. sketch u cam 
which would give a slow forward and qnick return motion to a recipro- 
cating piece, with an interval of rest betweeo the two motions. 

I. Describe and show by the necessary sketches the construction oC a fly- 
press for punching holes in iron plates. In such a. press the two balls weigh 
30 lbs. each, and are placed at a radius of .^0 inches from the axis of the 
Bcrew, the screw itseu being of 1 inch pitch. What diameter of bole 
coald be punched by each a press in a wronght-iron plate of J inch in 
tliicknesa ; the shearing strength of the metal being 22'5 tons per square 
inch? (Consider that the balls are revolving at the rate of bO revolutions 
per minnte when the punch cornea into contact with the metul, and that 
the resistance of the plate is overcome in the first sixteenth of an inch of 
the thickness of the plate.) * 

26. Sketch in section, and describe the construction of a qtifferential 
pulley block working with an endless chain. Why with such a system of 
blocka does the weight remain suspended after the pull has been taken oS 
the chain ? Indicate clearly on your sketch the position of the chain on the 
pnlleys and the snatch block, showins which side of the fall of the ohoiti 
should be pulled in order to raise and lower the load respectively. If in 
a Weston's pulley block only 40 per cent, of the energy etpeoded is utilised 
in lifting the load, what would require to be the diameter of tlie smaller 
part of the compound pulley when the largest diameter is 8 inches, in order 
that a pull of 50 lbs. on the chain may raise a load of 550 Iba. ? 

27. In a, vernier calliper, the bar of the instrument is divided into inches, 
ud each inclk is sub-divided into 40 equal divisions. On the sliding jaw of 

■ for those questions see Vol. II. uf this book. 
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the iniitrnment is carried a vernier whose length is equal to 24 of the I 
I mull diviaionn on the bar of the oalliper (the vernier therefore n 

1 }) inch in length), and the varaier sc&le is divided into C5 equal d 

When the sliding jaw is brought into close contact with the fixed limb of I 

the calliper, the zero line on the vernier then coincides with the zero line 

I (ID the bar ; what would then be the distance between the first line from | 

I zero on the vernier and the first line of the scale an the bar of the calliper? 

Sketcli end describe the uonstruction of the inatrnment and the method 

of taking ontside measuremeuta with it. What woidd he the exact poaitioi 

I of the vernier on the biu- of the instrument when the two jawa of the 

j callipers are separated by a distOince otO'782 incli ? 

I 2S. A contractor's portAblc hand crane has a vertical post A B, t 

the jib A C is ioclined 45", and the tension rod BC makes with A B an angle 
ABC of 120". The back-stay from the head of the post B to the ex- 
tremity D of the horizontal strut A D is inclined at an angle of 45° to 
A D. Find the weight of the counterbalance required at D to balance a 
load of 10 toD3 auB]>ended from the end C of the jib. Determine Oilso the 
nature and amount of the stress on the jib A C, and in the rods B C and 
B D ? (The tension in the chain may be neglected. ) * 

2D. A flywheel weighing 5 tons has a mean radius of gyration of 10 feet. 

The wheel is carried on a shaft of 12 inches diameter and is ninning at 

65 revolutions per minute : how many revolutions will the wheel make 

r before stopping if the coefficient of friction of the shaft in its bearing is 

0(169? (Other resistances may be nef;lected.] * 

30. Describe, with the aid of Hketches, the construction and use of the 

quadrant for carrying the change wheels of the screw-cutting lathe, and 

explain the maoner in which change wheels are employed in cutting screw 

threads of different pitches in the same lathe. What are the sources of 

inaccuraey in the screw threads so produced ? What number of wheels 

would you employ, how would they be arranged, and how many teeth 

. would each wheel ha\'e in order to cut upon a bolt a left-lianded screw 

I thraail of ^ inch pitch, on a lathe whose Ic-ading screw is right handed and 

I lias two threails to the inch ? In which direction would the saddle of the 

I lathe tmvel when cutting a left-hand screw thread in the lathe above 

I named ! 

I 3i. What is the use of an intensifier or intensifying accumulator in the 

working of hydraulic machinery ? Sketch snch an apparatus, and explain 
fnlly its principle and construction : give also one example of the applica- 
tion of the intensifier to hydraulic machinery. 

I 32. Whet are the differences in the methods of working of a mitlinj: 

I machine and of a planing machine, aa arranged for tooling flat surfaces !• 

What are the advantages of milling over planing'! Sketch in front and 
I end elevation the cutter or miU for tooline a flat surface, and give any details 

you can as to the best form for the teeth, and say why for cnttini; metals 
I the cuttini; speeds of milling tools can be made greater than those of 

ordinary planing tools. 
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SCIENCE AND ART DEPARTMENTS HONOURS 

EXAMINATION, 1896. 

You may not attempt more than six questions. 

41. Compare the physical qualities of cast iron and wrought iron, and 
of these with mild steel such as is used for boiler coDstruction ; also 
compare them with the steel used for taming tools. Give a numerical 
statement of the relative powers of these four varieties of iron to resist 
tensile, compressive, and torsional stresses respectively. What are the 
fundamental differences in chemical composition between cast iron, 
wrought iron, and mild steel ? 

42. Show clearly why, under ordinary conditions, a worm wheel should 
not be employed to drive a worm, ana state also under what conditions 
such a method of driving becomes possible. In large horizontal boring 
machines, the boring bar that carries the boring head is slowlv revolved 
by a large worm wheel, which is itself driven by a worm rotated either by 
suitable pulleys and belting from the main driving shaft of the shop, or by 
a small engine coupled direct on to the worm shaft. Sketch the boring 
bar, with the boring head, as also the driving gear, and show how the 
boring head is traversed along the bar. Why is worm gearing used for 
driving these heavy machines ? 

43. Show that the frictional resistance between a belt and a flat pulley 
may be represented by the formula — 



log (f ) = 0. 



4343 nd 

when T and t represent the tensions respectively on the two sides of the 
belt, of which T is greater than t;fii8 the coefficient of friction between 
the belt and the rim of the pulley, and 6 is the circular measure of the 
angle subtended at the centre of the pulley by the part of the belt which is 
in contact with the pulley. If /x =0*1, what would be the greatest load 
that could be supported by the rope or chain which passes around the drum, 
12 inches in diameter, of a treble purchase crab or winch, which is fitted 
with a strap friction brake worked by a lever, to the long arm of which 
a pressure of 60 lbs. is applied ? The diameter of the brake pulley is 30 
inches, and the brake handle is 3 feet in length from its fulcrum ; one end 
of the brake strap is immovable, being attached to the pin forming the 
fulcrum of the brake handle, while the other end of the strap or belt is 
attached to the shorter arm, 3 inches in length, of the brake lever. The 
angle subtended by the strap at the centre of the brake pulley measures 

-^. The gearing of the crab is as follows : — On the shaft which carries 

the brake wheel is a pinion of 15 teeth, and this gears into a wheel of 50 
teeth on the second shaft ; a pinion of 20 teeth on this latter shaft gears 
into a wheel with 60 teeth carried upon the drum or barrel shaft. Sketch 
the crab and show the construction of the brake. Given '20466= log 1*602. 

44. What are the advantages of forging large masses of steel by 
hydraulic pressure over the same operation performed by the steam 



hammer! Show olearly, with the assistance nf tha necessary eketchoa, tha 
melhotl ompluyud iu hydraulic forging presses fur bringing the ram 
pressing surface rapidly bock from the work after ca^h application of 

43. Prove an algebraic formula to show tlist, with a continuous load of 
uniform intensity passing orer a brom AB, such as wbon a. long train 
passes over a bridge from A to B, tlie maiimnro sbearing stress at soy 
point K of the beam occurs when the part AK is fully loaded while the 
part K B is entirely unloaded, and that the magnitude of the stress is 
proportional to the scgnare of the distance of K from the point A. A 
train of 1 ton per foot run, and upwards of 100 feet in length, passes over 
a bridge »E 100 feet span : what would be the maximum shearing atresses 
at diatancos of 25 and 50 feet respectively from one end of the bridge! 
Show how to determine graphically the shearing stresses in the beam. * 

413, Describe and show, with the necessBi-y sketches, the driving arraoge- 

a made more quickly 
man me iiownwaro or cutting stroke. Show also how the length of the 
stroke is varied ; how the height to which the ram oan be lifted is adjusted 
to suit the varying depths of work on the table ; and, lastly, indicate how 
the back gear is thrown in and out of gear. 

47. Investigate an oKpresaion in terms of p, p,, and 5, which will give 
the resultant tensile stress pi per scjuare inch of section, in a, material 
which is subjected at the same time to a direct tensile stress of p lbs. pei 



4S. Distinguish between an absorption and a transmission dynamo- 
meter. Describe the action and sketch the construction of an "Epicyclio 
train form of Dyuamometer," and obtain an eXj'rossion for calculating 
with the aid of such an apparatus the horsepower being transmitted by 
a shaft. The power of a portable engine is tested by passing a strap over 
the flywheel, which is 54 inches in diameter ; one end of the strap ia 
lixed, while a weight is suspended from the other end. With snch an 
arrangement, what would be the hoiBe-power transmitted by the engine 
when running at 160 revolutions per minute, if the auapended weight is 
300 lbs, and the tension on the fixed end is found by a spring balance to be 
195 lbs.? 

49. Describe and show, with the aid of necessary sketches, the constmc- 
tion of the " Pulsoraeter. " Deecribe how it works, and indicate the con- 
trivances introduced to promote the steady Sow of water and to prevent 
sudden shocks upon the apparatus. Ia the pulaometer an economical 
arrangement for raising water? Give reasons for your answer. What, if 
any, are its advantages over the ordinary piston pump! 
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